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ABSTRACT 
Informal settlements are often implicated in surface water pollution with faecal matter. In most 
instances faecal pollution in the associated surface waters persists despite improvements in 
sewage removal infrastructure. This study evaluates the importance of investigating the water 
quality of the Plankenbrug River before it reaches Khayamnandi settlement by comparing water 
quality in spring and in winter upstream (Pre-Khayamnandi) and downstream (Post-
Khayamnandi) from the settlement.   
In this study, faecal indicator bacteria (Escherichia coli and total coliforms) were enumerated 
using Chromocult agar. E. coli was further characterized with analytical profiling index (API) 
and haemolysis assays. Both Pre- and Post-Khayamnandi were not significantly different from 
each other for both total coliforms and E. coli in winter. Pre-Khayamnandi had between 10
5
 and 
10
8 
cfu/100 ml for total coliforms while Post-Khayamnandi had total coliform colony count 
between 10
6
 and 10
7 
cfu/100 ml. E. coli also exhibited a similar pattern with slightly higher 
counts at Post-Khayamnandi with colony counts from 10
4 
to 10
7
 and 10
5 
to 10
7
 cfu/100 ml. 
Spring microbial count demonstrated a significant difference to winter counts within each test 
site (p ≤ 0.01) and across the two sites (p ≤ 0.05). Both total coliforms and E. coli were 102 fold 
higher at Post-Khayamnandi than at Pre-Khayamnandi in spring. 
The API assay demonstrated significant difference (p ≤ 0.05) between the two test sites. Pre-
Khayamnandi predominantly had two different profiles while Post-Khayamnandi had three. 
These profiles represented five distinct E. coli biotypes.  Sorbitol and sucrose tests within the 
API assay demonstrated significant differences (p ≤ 0.05) between the two test sites. The 
prevalence of sorbitol fermenters at Pre-Khayamnandi was 100% while at Post-Khayamnandi it 
was 73%. Pre-Khayamnandi also demonstrated a significantly higher prevalence of sucrose 
 
 
 
 
ix 
 
fermenters than Post-Khayamnandi at 100% and 59% respectively. These differences indicated 
dissimilar sources of faecal contamination around these sites. Differences in the distributions of 
sorbitol and sucrose fermenting biotypes demonstrate different toxicity potentials across these 
two test sites. 
The haemolysis assay demonstrated that 9% of isolates were haemolytic with reference to both 
known α- and β-haemolyitic streptococci at Post-Khayamnandi. At Pre-Khayamnandi there was 
a higher percentage of α- and β-haemolyitic species, 29% and 28%, respectively. Post-
Khayamnandi and Pre-Khayamnandi were significantly different from each other with reference 
to both α- and β-haemolysis (p ≤ 0.05). These haemolytic activities also demonstrate different 
toxicity potentials across the two sites.   
In conclusion Khayamnandi contributes to an already heavy faecal load in the Plankenbrug 
River. Thus remedial measures to maintain high surface water quality of Plankenbrug River 
should be directed upstream from the Khayamnandi settlement as well as within the settlement 
equally. This study recommends integration of microbial loads with programs such as the 
National Microbial Monitoring Program of South Africa to drive prioritization process in 
directing reclaiming of water quality, inter alia. 
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Chapter 1: Background 
Fresh water is one of the most precious natural resources (Department of Water Affairs and 
Forestry, 2002; United Nations Educational, Scientific and Cultural Organization (UNESCO), 
2003). Water is getting progressively scarce with the changing weather patterns. Water sources 
often get contaminated with hazardous chemicals and pathogenic microbes. This necessitates 
vigilance on the quality of surface water for microbial contamination. The need for microbial 
monitoring of water is in line with the National Microbial Monitoring Programme (NMMP) of 
South Africa (Department of Water Affairs and Forestry, 2002). UNESCO (2003) reports water 
contamination as one of the main causes of health problems in human beings with 2.3 billion 
people suffering from water-related diseases worldwide (UNESCO, 2003). The annual mortality 
rate due to water related diseases is more than 2.2 million people in developing countries. 
Furthermore, Ullah et al (2009) reported that 60% of infant mortality due to infectious and 
parasitic diseases worldwide is water related. With increasing pressure on surface water, there is 
an ever-increasing health risk to the end users. The NMMP seeks to provide information on the 
status of faecal pollution and its trends in surface water. This NMMP information can help assess 
the potential health risks posed by water sources (Department of Water Affairs and Forestry, 
2002). 
A problem inherent in microbial monitoring is the non-conservative behaviour of microbes in 
water. This means that bacterial concentration does not remain static in water. It may differ 
considerably from the point source of pollution. Bacterial concentration may increase or decrease 
according to ambient conditions, including nutrient availability (Adingra et al, 2012; Liu et al, 
2010). This behaviour renders the national grid of monitoring sites impractical. Water systems 
tend to modulate either die-off or regrowth of microbes. This demands continual monitoring 
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especially in high-risk areas. Also when considering that South Africa has 278 tertiary catchment 
areas together with increasing problematic land use, it is clear that Department of Water Affairs 
and Forestry (DWAF) is faced with a daunting task (DWAF, 2002). The above two problems 
necessitate prioritisation or use of cost effective methods. Most water monitoring authorities in 
general still rely on pragmatic and subjective judgment such as focusing only on areas of known 
sensitivity (Park et al, 2006).  
In the absence of data indicating previous contamination, prioritisation may leave out smaller 
rural communities that cannot afford regular testing. Studies in such communities are often 
initiated by epidemics, for example Vibrio cholerae at Eshowe, KwaZulu-Natal 
(www.kznhealth.gov.za/cholerareport1.pdf, 2001). Thus, it is ideal to resort to cost-effective 
methods for regular monitoring of water bodies to prevent epidemics. One of the most costly 
factors in this process is the human resource. Qualified personnel are mostly centralized in the 
more affluent municipalities. Consequently, methods that are readily interpretable to less skilled 
personnel are desirable. Such methods should be sensitive and informative too.  
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Chapter 2: Literature review 
2.1 Water quality 
Water quality is very important in its functionality as a support to life. Water quality is defined in 
terms of its chemical, physical and biological characteristics (Anderson and Davidson, 1997; 
Queensland Water Recycling Strategy, 2000; United States Environmental Protection Agency, 
2000; World Health Organization, 2002). Potable water must meet specific water qualities. The 
WHO proposed guidelines regarding potable water quality. These guidelines allow flexibility 
depending on each country’s means. South African guidelines for domestic water use are 
outlined in the South African Water Quality Guidelines, Volume 1 (DWAF, 1996a). One of the 
primary means for securing high quality potable water is source protection which is preferred to 
treatment of water after pollution (DWAF, 2002), and  involves preventing contamination of 
catchment areas with chemical and biological pollutants.   
Water quality is frequently compromised by rapid urbanization, particularly where informal 
settlements are involved (Adingra et al, 2012; UNESCO, 2003). In most cases, chemical 
pollutants render water unpalatable and also alter its appearance, for example, colour and 
turbidity (USEPA, 2000).   Because of these visible water changes, high chemical levels are not 
commonly associated with acute adverse health effects in humans (WHO, 2002; Yoshida et al, 
2004). Chronic low-doses of chemical pollutants in water are associated with adverse health 
outcomes (Kapaj et al, 2006; Kazi et al, 2009; Yoshida et al, 2004). Low dosage has to be 
endured for a long time before effects are observed (Yoshida et al, 2004). With biological agents, 
particularly bacteria related to human excreta, there are almost always acute adverse health 
effects, making the control of bacterial contamination of paramount importance (WHO, 2002; 
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WHO/UNICEF, 2000). The fact that bacteria can multiply in water makes it even more essential 
to control bacterial contamination (Bengraı  ne and Marhaba, 2003; Brion and Lingireddy, 2003; 
Ketchum, 1955).  
2.2 Biological water quality 
Increased concentrations of bacteria of human origin increase the risk for disease in exposed 
populations. Thus screening for these microbes is one of the most important aspects of water 
quality monitoring (Field and Samadpour, 2007; Rodrigues et al, 2010; Wang and Fiessel, 2007; 
Wilkes et al, 2009; WHO/UNICEF, 2000). The mode of water contamination with such 
microbiota is normally via introduction of untreated faecal matter into water. In faecal matter, 
pathogenic bacteria may be excreted together with non-pathogenic gastro-intestinal tract (GIT) 
normal microflora (Becker et al, 2009; Jeng et al, 2005). Pathogenic organisms shed with faeces 
include bacteria, viruses, helminthes and protozoa (Azizullah et al, 2011; Baudart et al, 2011; 
Jeng et al, 2005; Oberholzer and Ashton, 2008). Some of these organisms can survive longer in 
water than others. Persistence of each organism in water together with its resistance to chlorine 
becomes a crucial factor in determining its pathogenicity (WHO, 2002).  
Water-borne disease associated with faecal-oral transmission may manifest as mild to fatal 
diarrhoea, dysentery, hepatitis, cholera and typhoid, amongst others (Ashbolt, 2004; WHO, 
2002). Inhalation of infected water aerosols transmits other diseases including 
meningoencephalitis caused by Ancanthamoeba (Dorch et al, 1983; Tyagi et al, 2006; WHO, 
2002). Meningoencephalitis from contaminated water with pathogenic Ancanthamoeba and 
Naegleria fowleri is rare but it has high mortality (Puzon et al, 2009). Dermal and mucosal 
exposures are other possible routes of transmission (Fong and Lipp, 2005).  
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The presence of human pathogens in the environment is of concern because of increasing 
numbers of people with hypoactive immune systems, for example, HIV infected individuals and 
people suffering from malnutrition (Mayer and Wanke, 1995; Steiner et al, 2000). Non-
tuberculous mycobacteria (NTM) such as Mycobacterium avium are examples of innocuous 
microorganisms that could be found in drinking water (Whiley et al, 2012). Mycobacterium 
avium can cause pulmonary infections, gastrointestinal tract infections and cutaneous or soft 
tissue infections in immunocompromised patients (Karakousis et al, 2004). Karakousis et al 
(2004) reported an annual frequency of 10-20% disseminated Mycobacterium avium infection in 
adults infected with HIV-1 in the developed world e.g. Australia, Hong Kong, South Korea, 
Japan, Thailand, Singapore, North America and the United Kingdom (Whiley et al, 2012). 
In the developing world, faecal matter contaminates the majority of rural water supplies (WHO, 
2002) with its population, demonstrating an infectious disease burden estimated at 4 billion cases 
of diarrhoea with 2.2 million fatalities annually, most of which are children younger than 5 years 
of age (Moyo et al, 2004; WHO/UNICEF, 2002). In the light of the report cited above and 
UNESCO (2003), these figures indicate an increase in water related morbidity and mortality.  
The water pollution problem from human excrement is not limited to fresh water. Marine waters 
are also severely affected. Clark et al (2003) pointed out the potential global problem of faecal 
contamination of oceans due to sewer overflows and runoffs from farms. This became apparent 
when correlation between beach use and incidences of skin and enteric diseases, inter alia, were 
established. They suggest that faecal matter heavily contaminates beaches in Visakhapatnam, 
India. In one sampling site along the Visakhapatnam coast, 4140 viable counts/ml in water and 
303 800 viable counts/ml in the sediments were found. At the same site, faecal coliforms 
recovered were 140 and 910 viable counts/ml, while faecal streptococci were 1455 and 3060 
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viable counts/ml, respectively (Clark et al, 2003). The trend in pollution was linked to human 
activity around the beach (Craig et al, 2002; 2004; Lipp et al, 2001). Queensland Water 
Recycling Strategy (2000) also reported that swimmers occasionally contract viral, as well as 
bacterial infections that may be linked to faecal pollution of neighbouring streams. This report 
further indicated that effluents with human excreta are more likely to pose a threat than that from 
intensive farming because most viruses are host-specific.  
While water quality in all countries faces challenges from wastewater discharges, the low income 
countries have an added challenge in that it is faced with absent/insufficient sanitation 
infrastructure (Azizullah et al, 2011). As a result cities in the developing world put great stress 
on fresh water. Management of fresh water resources is becoming one of humanity's most 
important challenges (Fitzhugh and Richter, 2004). This necessitates proper infrastructural 
planning that takes population dynamics into consideration (Owusu-Asante and Ndiritu, 2009). 
The main causes of concern are peri-urban areas, particularly the informal settlements, as in this 
study.  
In the developing world, rapid urbanization often results in population explosion in peri-urban 
areas (Ehrenberg and Ault, 2005). These areas are often characterized by poor infrastructure 
(Nomquphu, 2005). The infrastructure for sewage removal is often overwhelmed because it is 
not designed to cope with the population size (Fatoki et al, 2001; Owusu-Asante and Ndiritu, 
2009; Ullah et al, 2009). The resultant raw sewage spillage often ends up in nearby rivers and 
underground water (Zingoni et al, 2005). This generally puts stress on surface water (Abu Amr 
and Yassin, 2008; Babah et al, 2012). Ehrenberg and Ault (2005) mention a scenario in Jaboatão, 
Brazil, where a peri-urban settlement with no sanitary infrastructure exists beside a lake 
receiving sewage from the city. This community uses lake water as food sources while its 
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practice of open defaecation contributes to pollution. As a result, lymphatic filariasis is endemic 
in the area.  
Pollution of surface water can be a source of contamination of groundwater, particularly where 
the water table is low and where there are fissures in surface rocks. A study done in Epworth, an 
informal settlement outside Harare, Zimbabwe, showed the effects of absence of human 
excrement in a dense settlement (Zingoni et al, 2005). Water samples in this study were collected 
from well and boreholes within the settlement. Contamination of groundwater was correlated 
with the presence of pit latrines in the vicinity. However, Jeng et al (2005) further pointed out 
that storm-water microbes may travel some distance before die-off and sedimentation following 
a storm-water event. This alerts to the possibility that the pollution source may not be in close 
proximity to the polluted water body. They further reported correlation between the amount of 
rainfall and faecal indicator bacterial (FIB) concentration. Thus rainfall could be a vehicle for 
distribution of the pollutant. Jeng et al (2005) showed that FIB concentration dropped after 
heavy rains. This reduction of FIB was correlated to sedimentation that in turn depended on 
particle sizes in the environment. Sedimentation thus provided a mechanism for indicator 
organisms to return to baseline levels, whilst prolonging their survival time in an estuarine 
environment (Donovan et al, 2008; Haller et al, 2009; Lee et al, 2006; Potè et al, 2008). Craig et 
al (2004) reported consistent higher concentrations of FIBs in epilithic biofilms and sediments 
than in the overlying water. Corals and reefs are no exceptions to faecal contamination. Lipp et 
al (2001) detected bacterial indicators on coral surface microlayer samples. These sediments are 
likely to present with adverse human effects upon re-suspension and release of pathogens 
therein. Re-suspension of river and pond surface waters could be induced by flooding during 
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heavy rains and other disturbance of the water body such as wading in the water (Borst and 
Selvakumar, 2003; Craig et al, 2004; Donovan et al, 2008). 
Increased faecal pollution increases the risk of contracting water-borne diseases (Abu Amr and 
Yassin, 2008). There is a positive correlation between the risk of contracting water-borne 
diseases and population density. The adverse health risk may be increased by lack of sanitation 
infrastructure. While in developed regions there is an increasing risk for water borne enteric 
viruses, in the developing regions, major concerns are enteric bacteria together with protozoa and 
worms (Ashbolt, 2004). The common factor for both is that they are enteric, thus they may have 
common indicator organisms. Difficulties arise in that indicator organisms may not have the 
same persistence in water as the endemic pathogens, for example, viruses can persist longer than 
faecal indicator bacteria. In such cases, research may miss out on detection of an enduring 
pathogen. For pathogens that persist only for a short period outside the human host, indicator 
organisms are ideal in that they can indicate recent faecal contamination (WHO, 2002). 
Due to hazards and expenses inherent in handling pathogenic organisms, certain innocuous 
organisms are used instead of pathogens as indicators of faecal contamination (Ashbolt, 2004; 
WHO, 2002).  The organisms often used are coliform bacteria, which include Escherichia coli, 
Citrobacter, Enterobacter and Klebsiella (Gemmell and Schmidt, 2011; Ishii and Sadowsky, 
2008; Leclerc et al, 2001; USEPA, 2000). These organisms are found in the gut of all warm-
blooded animals (Sotomayor-Ramírez et al, 2006; Stumpf et al, 2012; USEPA, 2000). Their 
association with pathogenic organisms stems from the fact that they are eliminated with faeces 
(Centers for Disease Control and Prevention, 2011). 
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2.3 Faecal indicator organisms 
Currently there are three 3 groups of organisms that are used as indicators (USEPA, 2000a). 
Each group is best suited for different applications. Detection of coliforms is commonly used as 
an indicator of sanitary quality of water or as a general indicator of sanitary condition in the 
food-processing environment. Faecal coliforms are the preferred indicator for shellfish and 
shellfish harvest waters, while Escherichia coli (E. coli) is generally used to show recent faecal 
contamination (American Public Health Association (APHA), 1992). E. coli as a faecal indicator 
bacterium suits the current study best because the interest is on events immediately preceding the 
sample collection. E. coli in this case will be taken to be representing coliforms. 
2.4 Coliforms 
Coliforms have been used for indicating faecal contamination for a long time. In clean, natural 
surface water, the count can be between 1 and 10 per 100 ml. The total coliform count in raw 
sewage as well as in polluted waters is more than several millions per 100 ml (APHA, 1992; 
DWAF, 1996b; USEPA, 1991). Albeit the improvement that the setting of limits for the presence 
of coliforms has brought to water sanitation and public health, there are still some drawbacks, 
one of which is that coliforms are not exclusively of human origin, they are also found in all 
warm-blooded mammals (Sotomayor-Ramírez et al, 2006; Stumpf et al, 2010; USEPA, 2000a). 
This compromises the sensitivity of these indicators. It also makes bacterial source tracking 
difficult. Several methods have been developed to make this task easier, including antibiotic 
resistance profiling, polymerase chain reaction (PCR) and pulsed-field gel electrophoresis (Fong 
et al, 2005).  
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2.5 Faecal indicator bacteria 
The distribution of faecal indicator bacteria (FIB) of human origin in surface water is also 
influenced by many factors including urban and agricultural runoffs, waste water discharges, 
sewage leaks and spills, die-off, predation, faecal deposits from wild life, sedimentation and re-
suspension and regrowth on sediments (Adingra et al, 2012; Craig et al, 2004; Donovan et al, 
2008). This complicates identification of recent anthropogenic faecal contamination. 
Anthropogenic contamination could be direct discharge of domestic waste, leaching from poorly 
maintained septic tanks, overflow from beleaguered infrastructure and improperly managed farm 
waste (Adingra et al, 2012). Wetlands also often support wildlife in abundance and as a result 
can also be the source of contamination. This makes it essential that indicators used should be 
properly identified if they are to be linked to humans as a source (Fong et al, 2005; Sanders et al, 
2005). 
Another important short-coming of FIB is their survival rate in water where the conditions are 
not as favourable as in the gut of mammals. They may survive for shorter periods than other 
pathogens (Tyagi et al, 2006). Thus, they may only be indicative of recent faecal contamination. 
Some pathogenic organisms range from moderate to long persistence in water, e.g. Adenoviruses 
can survive up to 300 days at 4˚C and 80 days at 25˚C (Hurst et al, 2002; Kimberley et al, 2005). 
Yet another point to consider is survival of polluting species after water purification. While FIB 
measures the quality of purification system, some organisms survive primary and secondary 
water treatment, e.g. Rotaviruses can survive up to 30 days at 15˚C (Fong et al, 2005; QWRS, 
2000; WHO, 2002). This indicates that FIB may fail in predicting outbreaks associated with 
faecal contamination. All the same, they are useful in monitoring water quality. Changes in FIB 
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can thus be used to trace a source of recent contamination and are ideal for implementing 
remedial measures. 
One of the major problems in determining faecal contamination of water is bacterial source 
tracking. The University of Georgia developed target sampling as a method to solve this 
problem. In its study, four steps were set. First, sampling was divided into two temporal 
conditions, namely, base flow and storm flow conditions. Rigorous sampling of the contaminated 
water constituted the second step. In order to reduce temporal variability numerous samples were 
collected per day.  The third step was to combine bacterial numbers with global positioning 
system data. Finally, it conducted bacterial source tracking in areas that had high faecal bacteria 
(Hartel et al, 2005). 
Studies have shown that anthropogenic disturbances in estuarine surface waters are associated 
with elevated faecal coliform bacteria counts (Kirby-Smith and White, 2006). A positive 
correlation between bacterial counts and water level is often noted. In the Kirby-Smith and 
White study (2006), it was supposed that this correlation was due to flooding of marshes hence 
re-suspending and transporting faecal matter to open waters. An et al (2002) also found bacteria 
density increased with human activity. However, they assumed that it was because of re-
suspension of bacteria from depths due to boating activity. They further speculated that bacterial 
density fluctuations could be linked to viability of E. coli at elevated temperatures and protozoan 
grazing. Targeted sampling during base-flow conditions has been conducted on the Sapelo River 
in Georgia, USA, with good results (Kuntz et al, 2003). Another study done in Georgia, USA, at 
St Andrews Park, suggested that wind is another important factor involved in bacterial density 
fluctuation. Data collected during stormflow conditions indicated double the concentration 
during windy conditions as compared to calm conditions (Hartel et al, 2005).  
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The three studies cited above indicate that disturbance of sediments may act as a resupply 
mechanism of faecal indicators. Such disturbance may be due to anthropogenic activity such as 
wading in water and boating activity or natural factors such as wind and runoff conditions.  
Chattahoochee river survey (USA) shows a pattern of faecal contamination. There are higher FIB 
concentrations in wet weather as compared to dry weather, higher in summer than in winter, 
even at base flow, and a higher concentration in the tributaries than in the river (Frick and 
Gregory, 2001; Rose, 2007). Wet weather is also often accompanied by heavy and prolonged 
cloud cover. This may significantly reduce insolation. This, together with water turbidity, may 
prolong survival of FIB as well as that of other associated pathogens. In that event, FIB 
enumeration may be higher than that representing recent contamination (Borst and Selvakumar, 
2003; Mohamed et al, 2008).  
Faecal indicators belong to the family Enterobacteriaceae (Donnenberg, 2005). All organisms in 
this family are facultative Gram-negative rods that ferment glucose to pyruvic acid. They also 
reduce nitrate to nitrite. Members of this family are antigenically complex. They are identified 
with K, H and O antigens (Schleifer and Stackebrandt, 1983). 
After glucose is broken down to pyruvate, two major pathways, namely mixed acid pathway and 
the 2,3-butanediol pathways, further degrade it. In the former pathway, the end products of 
glucose may include formic acid, acetic acid, lactic acid and succinic acid. Methyl red test is the 
method used to detect if an organism uses this method. In the latter pathway, butanediol and 
ethanol are the main end products with small amounts of acid produced. The detection method in 
this case is called the Voges-Proskauer test. This test detects production of acetoin, an 
intermediate on the way to butandiol. TC and E. coli are good representatives of faecal indicator 
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bacteria as they often are innocuous normal flora of the gut shed with faeces (Kotlowsky et al, 
2007; Powers and Latt, 1977). 
2.6 Methods for assessing faecal contamination 
Numerous methods are used in assessing faecal water contamination. Most of these techniques 
are culture-based methods using selective media (Baudart et al, 2011). However, false-positive 
counts due to the growth of non-enteric bacteria and false-negative results due to non-growth of 
injured targeted cells may occur (Owen et al, 2010). In addition, culture-based methods are time-
consuming and do not allow for a rapid contamination detection. These techniques include 
heterotrophic plate count and multiple tube fermentation for the enumeration of faecal indicator 
bacteria including total coliforms (TC), E. coli and enterococci (Sanders et al, 2005; WHO, 
2002).  
Alternative methods such as using fluorescent in situ hybridization-based assays (FISH) have 
been suggested for a more rapid detection of specific cells. Baudart et al (2011) recommended 
the FISH-based technique to identify and enumerate specific bacteria in environmental water 
samples. In their recommendation, they proposed combination of FISH technique with direct 
viable count (DVC) assay by using solid phase cytometry. They argued that this technique may 
detect even low viable quantities of cells within a few hours. The sensitivity of this technique is 
well below the lower limit of FIB for surface water monitoring (WHO, 2000; USEPA, 2000b). 
The DVC-FISH can further be enhanced by using appropriate probes to further characterize 
faecal indicator bacteria which can assist in bacterial source tracking (Baudart et al, 2011). The 
disadvantages with DVC-FISH technique is the practicality in small municipalities without 
appropriately trained personnel and the costs involved (Baudart et al, 2011).  
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2.7 Motivation for use of TC and E. coli as FIBs 
Total coliform bacteria counts are less precise as faecal contamination indicators because several 
can live and reproduce in soil and water, without having a human host. However, if high 
numbers of faecal coliform bacteria are found in a sample of stream water, one may conclude 
that there has been recent faecal contamination, although not necessarily of human origin (Hartel 
et al, 2005). Other intestinal bacteria such as streptococci or enterococci (i.e. Streptococcus 
faecalis) may have a comparatively stronger correlation to human sewage, yet no indicator has 
been identified that is exclusive to human faecal matter (Kenner et al, 1961). The ratio of 
streptococci to faecal coliform was once considered to distinguish human from animal faecal 
contamination. This is no longer thought to be reliable because streptococci do not persist long in 
an open water environment, thus making it difficult to assess true concentrations. On the other 
hand, enterococcal bacteria seem to be consistently associated with human sewage and 
subsequent diseases, but testing for these organisms involves a lengthy and complicated 
procedure (Hartel et al, 2005). 
Despite the fact that faecal coliforms cannot be linked directly to contamination by human faecal 
matter, faecal coliform bacteria counts are often used to regulate surface waters for recreational 
use, fishing and drinking purposes. Federal regulations in the USA stipulate maximum allowable 
numbers of these bacteria for various uses (USEPA, 2000).  If faecal coliform counts are high 
(over 200 colonies per 100 ml of water sample) in the river or stream, there is a greater chance 
that pathogenic organisms are also present. An individual swimming in such contaminated water 
has a greater chance of illness from swallowing disease-causing organisms, or from pathogens 
entering the body through cuts in skin, the nose, mouth, or the ears. Diseases and illnesses such 
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as typhoid fever, hepatitis, gastroenteritis, dysentery and ear infections can be contracted in 
waters with high faecal coliform counts (USEPA, 2000).  
Municipal and rural water supplies can transmit human diseases such as cholera (Vibrio 
cholerae), typhoid fever (Salmonella typhi), shigellosis (Shigella spp.), salmonellosis 
(Salmonella spp.), gastroenteritis (Campylobacter jejuni, Escherichia coli, Giardia lamblia) 
(Tyagi et al, 2006). The threat of such disease transmission becomes more serious as the 
population density increases and more sewage pollutes public water supplies, carrying with it 
human intestinal pathogens (Adingra et al, 2012; Ashbolt, 2004).  
Various culture media have been used in microbial water assays (Finney et al, 2003; Grabow and 
Du Preez, 1979). In this study, chromogenic media that exploit certain characteristics of TC and 
E. coli together or separately, namely, Microbiology Chromocult agar (Merck. Cat. No. 
10426.0500) and Dev Lactose Peptone 4-methylumbelliferyl-β-D-glucuronide (MUG) broth 
(Fluka. Cat. No. 31401) were chosen because one could identify both classes of faecal indicators 
on the same plate thus minimizing cost involved in identification. Both media reduced on human 
hours in preparation and in reading results. Furthermore they make the requirement of 
biochemical sugars redundant in confirming species of interest, e.g. with Lactose Peptone MUG 
broth, one only needs Kovac’s reagent to confirm the presence of E. coli instead of the whole 
battery of biochemical sugars (Alonso et al, 1996; Manafi, 2000; Perez et al, 2001; Yanez et al, 
2006). 
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2.8 Conditions influencing the indicator distribution 
Environmental variables that need to be taken into consideration include pH, temperature, base 
flow, storm flow, presence of phosphate and nitrogen species, prevailing winds that could be 
linked to prevailing endemic bacterial species in a specific area (Burkhardt et al, 2007; Daskin et 
al, 2008; DWAF, 2006). The reduction of solar irradiation due to cloud cover or decrease length 
of daylight reduces inactivation of the transient bacteria (Burkhardt et al, 2007).  The amount of 
solar irradiation lowers microbial loads in exposed surface water bodies as compared to those 
sheltered by steep south-east facing slopes in the Southern Hemisphere (Boyer, 2008).  
2.9 Ecological impact of polluted surface water  
Toxicology in this text is defined in terms of substances that can cause adverse effects on living 
organisms. This stance is assumed due to lack of consensus in accepted and comprehensive 
classification schemes for modes of toxicity and response endpoints for either toxicology or 
ecology (McCarty, 2002). Broadly speaking, the adverse effects range from those that cause 
immediate death to those that can cause subtle changes that are not perceived for months or 
years. Subtle changes include suppression of growth and reproduction in certain species (Hurter 
et al, 2002). Faecal contaminated water may be considered as eco-toxic on the whole as it can 
reduce or wipe-off fish populations downstream (Daskin et al, 2008; Nagvenkar and Ramatah, 
2009). Raw faecal contaminated water may be considered as toxic as it induces micronuclei 
formation in pollen of Tradescantia (Monarca et al, 2000). 
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2.10 Microbial toxicity assays 
Biotoxicity assays are considered relatively simple, rapid and cost effective compared to the 
more time-consuming microbial culturing (Farré et al, 2005). Microbial toxicity assays can also 
be used to evaluate potential toxicity of water (Guven et al, 2003). The luminescent bacterium 
Vibrio fischeri is normally used to test for toxicity reduction in water and evaluating sewage 
treatment effectiveness (Farré et al, 2005; Jung-Kon et al, 2007). Farré et al (2005) argued that 
use of bioluminescent bacteria is limited for fresh water because the assay has to be performed in 
2% saline solution.  
In the absence of toxic chemicals the microbiota could be pathogenic on their own, e.g. E. coli. 
Due to frequent outbreaks of food and water-borne epidemics, it is important to assay for the 
presence of E. coli pathotypes in the water test after determining the presence of faecal 
contamination thus assaying for toxicity potential of the water. This is especially important in 
recreational waters where the EPA’s upper limits are 500 and 800 cfu (colony forming units)/100 
ml for primary contact sport (PCS) and secondary contact sport (SCS), respectively. Primary and 
secondary contact recreational waters are defined according to whether a person is likely to be 
completely immersed or not. EPA further requires that faecal coliforms should not exceed 200 
and 400 cfu/100 ml limit in 10% of samples over 30 days for PCS and SCS, respectively 
(Anderson and Davidson, 1997). With such high limits there is a chance of coming into contact 
with endemic pathogenic strains of E. coli. Surface waters should therefore be assessed because 
they feed into recreational waters. Besides, in some areas surface water is used for agricultural 
purposes downstream.  
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Zhu et al (2005) suggested the use of integrating waveguide biosensor in assaying for water-
borne pathogens due to its ability to determine bacterial serotype, genotype, and viability. Cost 
and sophistication of the assay is the most important limiting factor, but there are numerous other 
cost-effective assays for determining the presence of E. coli including culture, PCR and 
serotyping.  Moses et al (2006) cautioned that the presence of pathogenic E. coli strains should 
not be overlooked, particularly in the light of management of immuno-compromised people. 
Virulence factors in E. coli include adhesion-colonizing factors, toxins, secretions and plasmids 
(Clarke et al, 2003; Donnenberg, 2005; Guerrant and Steiner, 2005; Prats et al, 2003).  
2.11 Characterization of E. coli with API  
 The profiling index (API) 20E system is a test kit for identification and characterization of 
enteric bacteria together with some non-fastidious Gram negative bacteria (Aldridge and Hodges, 
1981; API Manual, BioMérieux, France; Holmes et al, 1978; MacDonell et al, 1982; Nucera et 
al, 2006; Peele et al, 1997). The API 20E system demonstrates (BioMérieux, Cat. No. B-20160) 
that different genera metabolize substrates differently. It further shows that variants occur even 
within a species. The API 20E is based on 21 conventional biochemical tests for identification of 
Enterobacteriaceae (Aldridge et al, 1978; Mugg and Hill, 1981; O’Hara et al, 1992) 
Microvolumes of bacterial suspension are grown in the desiccated medium of these biochemical 
tests and produce characteristics that can be used to discriminate bacterium from others after 
incubation. 
It is helpful that organisms of the same group often utilize limited combinations of metabolic and 
enzymatic activities for identification of an unknown isolate. The numbers of tests that are 
performed on each test strip enable one to determine that even within species, there are variations 
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in these activities according to phenotypic expressions of genes. The index generated from the 
test has wide enough limits to allow identification of biotypes within a species (API 20E 
Instruction Manual version #2012). When this diversity is pronounced across two sites and 
particularly when samples show spatial diversity, it can be used to discriminate between two 
sources. The API system enables this diversity and can thus be used as a potential bacterial 
source-tracking tool (Soule et al, 2006; Wheeler et al, 2002) afforded by the distribution of 
positive and negative results for these tests in different animal species. Sorbitol and sucrose 
fermentation are examples of such tests (Soule et al, 2006; Wheeler et al, 2002).  
Sorbitol fermentation is traditionally used to discriminate asaccharolytic serotypes of E. coli 
O157:H7 (Bouvet et al, 1999; Griffin and Tauxe, 1991). It has been reported that these 
traditionally non-sorbitol fermenting serotypes can mutate to sorbitol positive variants 
(Fratamico et al, 1993). A stx strain of E. coli O157 (Shiga toxin producing E. coli) that ferments 
sorbitol and exhibits β-glucuronidase activity was identified for the first time in 1988 during an 
outbreak of haemolytic uremic syndrome (HUS) in Southern Germany (Ammon et al, 1999; 
Bielaszewska et al, 1998; Mellmann et al, 2008). The pathogen source implicated for these 
outbreaks was traced to sausage containing raw beef (Ammon et al, 1999).  
After the initial outbreak of this strain, sorbitol fermenting E. coli-O157, was sporadically 
isolated from patients in paediatric hospitals throughout Germany (Karch et al, 1993). Karch and 
Bielaszewska (2001) reported that the relative frequency of the sorbitol fermenting O157 isolates 
among the E. coli O157 strains isolated in their studies ranged from 13.3% to 40.5% in HUS 
patients and from 7.4% to 25% in patients suffering from diarrhoea. Pollock et al (2010) suggest 
that while sorbitol fermenting-E. coli O157 is more associated with severe HUS than non-
sorbitol fermenting strains, the latter results in more severe colitis.  
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Epidemiological studies have thus far failed to isolate sorbitol fermenting Shiga toxin producing 
E. coli (STEC) O157 from the cattle implicated in the outbreaks throughout Germany (Karch et 
al, 1993). It was Bielaszewka et al (1998) in the Czech Republic who first managed to elucidate 
cattle as the reservoir for the sorbitol fermenting STEC O157:H2 clone in central Europe. 
Although farm animals were implicated, previous studies failed to isolate sorbitol fermenting 
STEC O157 from cattle due to less sensitive methods than the immunomagnetic separation 
procedure used in their study (Bielaszewka et al, 1998). Lee and Choi (2006) however doubt that 
the human isolate originated from cattle. In their study, they demonstrated different virulence 
patterns from sorbitol fermenting STEC O157 isolates from cattle and from humans in Korea. 
Their study found that human and cattle strains are genetically closely related. 
 Interconversion between various E. coli pathotypes involving stx2 gene has been demonstrated 
(Mellmann et al, 2008). These bidirectional interchanges result in ephemeral changes in the 
pathotypes during an infection, for an example, sorbitol fermenting E. coli O157:NM (non 
motile) strains could be converted to biologically potent enterohaemorrhagic E. coli. (Friedrich et 
al, 2007).  These changes are mediated by a stx2 encoding phage.  
It has been observed that sorbitol fermenting enterohaemorrhagic E. coli (EHEC) O157:H- 
strains and non-sorbitol fermenting EHEC O157:H have distinct plasmids (Friedrich et al, 2004). 
This suggests that the ability to ferment sorbitol is related to the plasmid (Brunder et al, 2001). 
Sorbitol fermenting E. coli biotypes have been isolated in water (Prager et al, 2011). Ateba and 
Bezuidenhout (2008) have alluded to the presence of sorbitol fermenting E. coli O157 in 
livestock in South Africa.  
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Sucrose is also used to discriminate different biotypes of E. coli. This sugar is amongst the most 
highly water soluble components in plant tissue (Moniruzzaman et al, 1997). Hence it may be 
readily available for microbial uptake. However, some E. coli biotypes are known for their 
inability to ferment sucrose (Vaz et al, 2004). In some E. coli biotypes this ability is masked by 
competing genes and it can be realized by knocking off these genes. This was demonstrated by 
Zhu et al (2005) in designing SZ132 an ethanologenic derivative of E. coli K011. This derivative 
fermented sucrose completely at a rate twice that previously reported for SZ63 harbouring the 
sucrose plasmid (Shukla et al, 2004). 
 Alternatively, plasmids confer sucrose fermentation to E. coli via the expression of the scr 
regulon (Bogs and Geider, 2000; Wohlhieter et al, 1975). Sucrose fermentation is common in 
herbivores and avian populations (Carlos et al, 2010; Zinnah et al, 2007). In this study, the 
distribution of sucrose and non-sucrose fermenters is examined for use as a predictive tool for 
indicating source of river toxicity. This may also be used as a bacterial source tracking 
mechanism (Soule et al, 2006; Wheeler et al, 2002). Several studies have shown that the 
distribution of phylogenetic subgroups of bacteria is not random (Carlos et al, 2010; Baldy-
Chudzik and Stosik, 2007; Orsi et al, 2008; 2007). Different groups of animals harbour diverse 
subgroups of the same organism. With respect to E. coli, omnivores (including humans) 
demonstrate more diverse populations compared with herbivores (Carlos et al, 2010). 
2.12 Haemolysis assay as a toxicity assay 
Water toxicity can also be demonstrated by showing the haemolytic ability of individual 
organisms. If the haemolytic patterns show spatial variation, this could be potentially indicative 
of different pollution sources. Some strains of E. coli elaborate an extracellular α-haemolysin 
 
 
 
 
22 
 
that is coded for by a plasmid (De La Cruz et al, 1980). These organisms are often pathogenic to 
both humans and animals. Ralph et al (1998) pointed out that these plasmids enhance hlyE-lacZ 
expression and confer a haemolytic phenotype onto an otherwise non-haemolytic one. They 
pointed out that when the fnr homologue of a pig pathogen is expressed on a non-haemolytic E. 
coli, it activates a dormant gene (hlyE) encoding for a haemolysin (Ralph et al, 1998). This raises 
concern that environmental E. coli under aerobic conditions may have AR1 or AR3 regions 
altered or acquire regulators of hlyX type from other environmental microbes. If this happens, 
pathogenicity could be enhanced. This makes it essential to monitor the haemolytic activity of 
environmental E. coli.  
Haemolysis can be demonstrated on blood agar plates. However, when working with large 
numbers of samples it is advantageous to work on a microtitre plate. Assays have been 
developed to this end. Neely and Campbell (2005) used microplate assays to demonstrate 
haemolytic activity of crude algal extracts on Sciaenops ocellatus (fish) erythrocyes. Previously, 
Eschbach et al (2001) improved sensitivity of erythrocyte lysis assays from reading cuvettes at 
540 nm with 3 ml sample to reading at 414 nm in microtitre plates. This drastically reduced the 
requirement for large volumes of blood.  
E. coli haemolysin activity is rapid. Studies have shown that in vitro erythrolysis occurs within 
the first 5 hours after exposure. Eberspacher et al (1998) suggested that any lysis occurring after 
the first hour could be due to colloid-osmotic lysis.  
2.13 Spatial distribution of pathogenic E. coli in surface water 
Enterohaemorrhagic E. coli (EHEC) are a worldwide cause of outbreaks and sporadic cases of a 
variety of clinical syndromes such as bloody and non-bloody diarrhoea, haemorrhagic colitis and 
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haemorrhagic uraemic syndrome. Prevalence of E. coli O157 is a cause of concern with 
increased incidence of HIV/AIDS. Moses et al (2006) reported 3.8% recovery of E. coli O157 in 
53 HIV sero-positive patients that had diarrhoea, while there was none among the 59 sero-
negative patients in Nigeria.  
EHEC has been linked with rivers, heavy rains and livestock in South Africa. The probability of 
getting infected by treated drinking water is negligible (Müller et al, 2003; Raji et al, 2006). 
Cases of haemolytic colitis caused by E. coli O157 have been reported in KwaZulu-Natal, 
Mpumalanga and Eastern Cape provinces of South Africa (Müller et al, 2001). 
Out of 91 sewage and 40 river-water samples tested by Raji et al (2006) only 1.1% sewage 
samples tested positive for genes coding for eae, Stx2 and ehly. None of the river samples turned 
positive for E. coli O157:H7 in this study. Müller et al (2001) obtained similar results on testing 
204 samples from 15 sites on the Vaal River, South Africa. In their study they found strains 
elaborating Stx1, Stx2 and enterohaemolysin genes. Both studies indicate low probability of 
infection with E. coli O157:H7 from river samples. These studies suggest that other EHEC 
strains could pose a health risk from these sources.  
Hara-Kudo et al (2000) reported a possible loss of expression of verotoxin by E. coli O157:H7 
isolated from water. They supposed this happens when the organism has been under starvation 
conditions for a prolonged period. These organisms can still produce verotoxin under suitable 
conditions. Similar results were reported on a dairy farm in Ontario, Canada (Jackson et al, 
1998). This loss of verotoxin expression necessitates looking at these organisms at genetic level. 
McCleery and Rowe (2002) demonstrated genetic instability in E. coli O157:H7 serotypes. They 
showed that some strains apparently loose the VT2 gene while some do not. Genotypic character 
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of these organisms is conserved despite the phenotypic changes. Galane and Le Roux (2001) 
demonstrated the useful nature of the PCR technique in epidemiological studies of E. coli in 
cases of diarrhoea.  
Spatial information of distribution of particular strains could be useful in timely disease outbreak 
management. Geographic Information System (GIS) could be helpful at different stages of 
disease management. In the detection stage, aggregation of complaints may be located. 
Depending on availability and quality of information, point source of the outbreak may be 
located. This could help curtail further spread of the disease. During an outbreak assessment 
stage, positioning of short-term health care precautionary measures can be efficiently distributed. 
By providing detailed land use and aspects in and around catchment areas, GIS can support 
identification of cause together with insight into how the causative organism reached water. 
After an epidemic has been contained, GIS can be also used as one of the tools for long-term 
measures and for microbial risk assessment (MRA) (Kisteman et al, 2001).  A GIS-based 
computer model was used in Nigeria to assess the risk of diarrhoeal disease outbreak in children 
using different water sources (Njemanze et al, 1999). A microbial risk assessment geographic 
information system (MRA-GIS) database can be built on spatial variation of bacterial 
contamination of surface water. 
Management of health related water resource quality necessitates combination of several water 
screening methods. A holistic approach including culture, biochemical and toxicological 
methods combined with GIS could help trace and arrest potential epidemics. This approach may 
prevent persistent faecal pollution of surface water, thus eventually saving cost of water resource 
management and improving general water quality.  
 
 
 
 
25 
 
2.14 Background and motivation for the study 
Khayamnandi was founded in the 1950s. It is predominantly an informal settlement with hostels 
built in 1966 for male migrant labourers (Darkwa, 2006). Erhard (2000) reported that public 
latrines built for the hostels had to cater for the township residents at large at a ratio of 1:136 
(latrine: individual) in 1994. He deems the situation had improved by 2001 to 1 latrine per 75 
residents. In 2001 the population of the township was estimated to be more than 22 000 people 
living in an area just over 1 km
2
 with 208 public toilets (Erhard, 2000). Republic of South Africa 
population census (2012) has not been released to date, thus there is no record of the latest 
population of the township. The households in shacks were served with water by a single tap by 
the roadside. Erhard (2000) estimated that this tap served at least 600 households. The hostels 
which were better serviced in this regard had no baths or shower facilities. Refuse for the 
settlement is collected once a week (Erhard, 2000).  
Plankenbrug River used to be an ephemeral river that runs past Khayamnandi, but is now 
perennial, most likely due to human activity. The river flows from the Bottelary mountains and is 
surrounded by farms. After crossing the road, R304, west of the Stellenbosch town, it skirts the 
informal settlement, Khayamnandi. The effluent from this settlement contributes to the water 
volume in the river. The contribution of the settlement is diffused, thus may not be singled out at 
a particular point. There might also be an industrial discharge contribution to the river, which 
could indirectly influence faecal pollution by facilitating sedimentation and affecting opacity of 
water (Adingra et al, 2012; Donovan et al, 2008). 
Plankenbrug River skirting an informal settlement of Khayamnandi (Stellenbosch, Western 
Cape, South Africa) is one of the well-studied cases of the interplay between dense informal 
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settlements and faecal pollution of surface water (DWAF, 1993; Hendricks, 2003; RHP, 2005). 
Currently, it is believed that Khayamnandi severely compromises Plankenbrug River water 
quality (River Health Programme (RHP), 2005).  
The current study aims to assess the impact of Khayamnandi on the water quality of the 
Plankenbrug River. The importance of the Plankenbrug River lies in the fact that it is one of the 
tributaries constituting the Eerste-Kuils River drainage basin (Department of Water Affairs and 
Forestry (DWAF) / National Microbial Water Quality Monitoring Programme (NMMP), 2004; 
Nleya, 2005). The Eerste-Kuils River system drains Jonkershoek Mountains east of Stellenbosch, 
the Bottelary Mountains west of the Stellenbosch and the eastern part of the Cape Flats. It then 
proceeds to run into False Bay at Macassar beach (http://www.saexplorer.co.za/south-
africa/map/stellenbosch_map.asp). The Eerste-Kuils River drainage basin supplies fresh water to 
Stellenbosch and farms for irrigation (DWAF/NMMP, 2004). Therefore, its integrity is of high 
importance. Moreover, it impacts on the quality of marine waters too as it eventually drains into 
the Atlantic Ocean. The Atlantic Ocean at Macassar beach water occasionally has above 1000 
colony forming units (cfu) faecal coliforms/100 ml (Ngwenya, 2006).   
Plankenbrug River is one of the tributaries contributing to the Eerste-Kuils river catchment 
system. This is the only river that passes Khayamnandi before discharging into this catchment 
area (Jackson et al, 2009). Khayamnandi is a settlement consisting of both formal and 
inadequately serviced housing units. Informal settlements are notorious for affecting the integrity 
of surface waters (Adingra et al, 2012; Fatoki et al, 2001; Gemmell and Schmidt, 2011). Studies 
have shown that water from Plankenbrug River consistently have high levels of faecal organisms 
(DWAF, 2001; DWAF/NMMP, 2004; Nleya, 2005). The Eerste River, upstream before joined 
by Plankenbrug River, is used to supplement the drinking water of Stellenbosch (RHP, 2005) and 
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thus needs protection as much as possible. In order to protect this water, the understanding of 
conditions in its tributaries is essential. 
In recent years there have been infrastructural developments in the Khayamnandi settlement, but 
these have not translated to river water quality improvement (Darkwa, 2006; Department of 
Housing, 2004a; 2004b). The river itself has been transformed. It now flows throughout the year 
whereas earlier it used to flow only in winter (DWAF, 2001). These two latter points seem to 
indicate that there could be forces outside Khayamnandi that could be adding to the problem at 
hand. Only when such extra forces have been elucidated and dealt with together with the 
Khayamnandi problem, can water downstream be improved, that is, only if they exist. Thus, 
there is a need to find out whether such sources do exist or not. Informal settlements are 
generally underserviced with respect to sanitary infrastructure. This could be due to 
unpredictable demographics and it leads to excessive demand on the meagre existing amenities 
(Babah et al, 2012). Erection of structures generally tends to flood the existing drainage systems 
rather than allowing natural percolation of rain water into the soil, thus lending to stressing 
drainage systems (Owusu-Asante and Ndiritu, 2009). Intermittent water supply is also closely 
implicated in water contamination due to flooding of sewage drainage facilities (Abu Amr and 
Yassin, 2008).  
Ngwenya (2006) pointed out that downstream from Khayamnandi, irrigation water samples have 
more than 1000 cfu of faecal coliforms/100 ml. A similar situation was reported by Gemmell and 
Schmidt (2006) downstream from Baynespruit River in Natal (South Africa) where analysis for 
faecal indicator bacteria was done on fresh produce irrigated with its water. Baynespruit River 
traverses a peri-urban settlement just as the Plankenbrug River passes an informal settlement. In 
the Limpopo province (South Africa), the Nyls River in the Waterberg catchment area is not 
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associated with any informal settlement albeit heavily contaminated. The major part of faecal 
contamination in this case is attributed to neighbouring intensive chicken and cattle farming 
(Greenfield et al, 2010).  
However in the case of Plankenbrug River the question remains as to whether Khayamnandi is 
the only source or whether it merely exacerbates an already existing problem. Answering this 
question may go a long way in remedying the situation. 
It is unquestionable that the presence of unplanned or improperly planned settlements on 
riverbanks poses serious negative impacts on both surface and underground water quality. The 
lack of sanitation and infrastructure tend to lead to faecal contamination and other pollutants of 
nearby rivers. Population density compounds the circumstances (Ehrenberg and Ault, 2005; 
Zingoni et al, 2005). Informal settlements are examples of unplanned settlements that result in 
sanitation infrastructure which often gets overwhelmed. As such these settlements are commonly 
blamed for nearby surface water contamination (Adingra et al, 2012; DWAF, 1993; Gemmell 
and Schmidt, 2011). However, it is also important to look beyond these apparent sources of 
pollution, especially after several attempts to correct the situation constantly seem to fail. It could 
happen that the apparent source is but a contributory although significant factor in the situation. 
Upstream evaluation of water quality can shed light on ambient conditions before the settlement, 
thus enabling alternative measures to curb the pollution. In this study, the impact of informal 
settlement (Khayamnandi) on the water quality of the Plankenbrug River is assessed. 
2.15 Hypothesis 
H0: Khayamnandi does not impact on Plankenbrug River water quality 
H1: Khayamnandi impacts Plankenbrug River water quality 
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2.16 Aims and objectives 
The current study entertains the idea that Khayamnandi may only be contributing to an already 
existing problem. Settlements on riverbanks affect surface water via faecal matter deposition 
amongst other things (Adingra et al, 2012; Fatoki et al, 2001; Gemmell and Schmidt, 2011). For 
this reason faecal bacteria are used as impact indicator in this study. First, this study aims at 
assessing the extent of faecal pollution that may be accrued to Khayamnandi by comparing water 
quality before reaching and after leaving the settlement. Secondly, the effect of Khayamnandi on 
potential toxicity of the river will also be assessed. Thirdly, it attempts to determine the 
distribution of biotypes which could help determine the common or diffused source of 
contamination of the river system. This could aid in directing remedial measures. Lastly, this 
study will propose recommendations to policy makers on possible methodologies that can be 
applied to monitor microbial contamination by municipalities. 
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Chapter 3: The impact of Khayamnandi on Plankenbrug River water quality 
3.1 Abstract 
Protection of water quality from human faecal contamination is currently one of the most 
pertinent issues worldwide. Informal settlements are often implicated in surface water pollution 
with faecal matter. In most instances faecal pollution in the associated surface waters persists 
despite improvements in sewage removal infrastructure. This study evaluates the importance of 
investigating the water quality of the Plankenbrug River before it reaches Khayamnandi 
settlement by comparing water quality in spring and in winter upstream (Pre-Khayamnandi) and 
downstream (Post-Khayamnandi) from the settlement.   
Chromocult coliform agar (CCA), analytical profiling index (API) and haemolysis assays were 
used in this study to count and characterize faecal indicator bacteria. Both Pre- and Post-
Khayamnandi were not significantly different from each other for both total coliforms and E. coli 
in winter. Pre-Khayamnandi had between 10
5
 and 10
8 
cfu/100 ml for total coliforms while Post-
Khayamnandi had total coliform colony count between 10
6
 and 10
7 
cfu/100 ml. E. coli also 
exhibited a similar pattern with slightly higher counts at Post-Khayamnandi with colony counts 
from 10
4 
to10
7
 and 10
5 
to 10
7
 cfu/100 ml. Spring microbial count demonstrated significant 
difference to winter counts within each test site (p ≤ 0.01) and across the two sites (p ≤ 0.05). 
Both total coliforms and E. coli were 10
2
 fold higher at Post-Khayamnandi than at Pre-
Khayamnandi in spring. 
The API assay demonstrated significant difference (p ≤ 0.05) between the two test sites. Pre-
Khayamnandi predominantly had two different profiles while Post-Khayamnandi had three. 
These profiles represented five distinct E. coli biotypes.  Sorbitol and sucrose tests within the 
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API assay demonstrated significant differences (p ≤ 0.05) between the two test sites. The 
prevalence of sorbitol fermenters at Pre-Khayamnandi was 100% while at Post-Khayamnandi it 
was 73%. Pre-Khayamnandi also demonstrated a significantly higher prevalence of sucrose 
fermenters than Post-Khayamnandi at 100% and 59% respectively. These differences indicated 
dissimilar sources of faecal contamination around these sites. Differences in the distributions of 
sorbitol and sucrose fermenting biotypes demonstrate different toxicity potentials across these 
two test sites. 
The haemolysis assay demonstrated that 9% of isolates were haemolytic with reference to both 
known α- and β-haemolytic streptococci at Post-Khayamnandi. At Pre-Khayamnandi there was a 
higher percentage of α- and β-haemolytic species, 29% and 28%, respectively. Post-
Khayamnandi and Pre-Khayamnandi were significantly different from each other with reference 
to both α- and β-haemolysis (p ≤ 0.05). These haemolytic activities also demonstrate different 
toxicity potentials across the two sites.   
In conclusion, Khayamnandi contributes to an already heavy faecal load in the Plankenbrug 
River. Thus remedial measures to maintain high surface water quality of Plankenbrug River 
should be directed upstream from the Khayamnandi settlement as well as within the settlement 
equally. 
3.2 Introduction 
Water is implicated in morbidity of a quarter of the world population (UNESCO, 2003). The 
developing world carries most of the water-related morbidity burden. The water-related 
morbidity manifests mostly as bacterial and parasitic infections. The people most affected are 
infants, the elderly and the immunocompromised, with highest mortality amongst infants (Ullah 
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et al, 2009; UNESCO, 2003). The most common mode of infection is the faecal-oral route. Skin 
and mucosal membranes are the other routes of infection (Ashbolt, 2004; Dorch et al, 1983; 
Tyagi et al, 2006; WHO, 2002). 
Due to the presence of human pathogens in water, monitoring for the presence of faecal 
indicators in water is essential (Department of Water Affairs and Forestry, 2002). Human 
pathogens infecting the gut are often shed with high quantities of faecal indicators (WHO, 2002). 
The most useful faecal indicators in water are E. coli and total coliforms (USEPA, 2000). Total 
coliform (TC) includes E. coli and other gut flora. In South Africa, there is a National Microbial 
Monitoring Programme (NMMP) that uses E. coli and TCs to monitor the extent of faecal 
contamination of surface water (DWAF, 2002). The NMMP extrapolates the inherent potential 
risk in the assessed water by drawing from the extent of microbial contamination. 
Under-resourced communities, particularly those with insufficient/poor sewage removal 
infrastructure, on the banks of surface waters are commonly associated with heavy faecal 
contamination of these water bodies (Adingra et al, 2012; Fatoki et al, 2001; Owusu-Asante and 
Ndiritu, 2009; Ullah et al, 2009). The informal settlements are examples of under-resourced 
communities. In most cases, prevention of faecal contamination is focused on correcting or 
improving the infrastructure and sewage removal resources in the implicated settlement (Erhard, 
2000; Nomquphu, 2005). Localised measures tend to be ineffective in cases where faecal 
contamination begins before the water reaches the settlement. This failure necessitates the 
assessment of the discrepancy in water quality before and after the settlement. The resultant 
information could help direct efforts to preserve the integrity of the concerned surface water. The 
persistence of microbes in water is affected by several aspects including the physicochemical 
factors. The persistence and non-conservative nature of microbes in water may give a false 
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impression of the incident microbial load which calls for frequent monitoring during base flow 
and storm flow (Adingra et al, 2012; Liu et al, 2010; Kistermann et al, 2002). Microbial 
incidence into the water body due to the informal settlement may be assessed by evaluating the 
difference between the water before and after the informal settlement. Increased microbial 
incidence difference between these two points associated with wash-off due to heavy rainfalls 
may strongly implicate the informal settlement (USEPA, 2000). In South Africa, DWAF 
provides standard methods for quantifying microbial load. These methods are based on EPA and 
WHO standard methods inter alia (DWAF, 2002).  
The monitoring of faecal microbes introduced in water may further enhance awareness of the 
potential environmental toxicity and health risks posed to water users, as articulated by NMMP 
(DWAF, 2002). Quality and diversity of the microbes may be assessed by looking at prevalence 
of different biotypes and haemolytic activity of the indicator organisms amongst other 
characteristics (De La Cruz et al, 1980). The resultant microbial profiles may show similar 
patterns (homogeneity) or distant relatedness (heterogeneity), for example, the profile may have 
a high percentage of α-haemolytic species or an equal distribution of α-, β- and γ-haemolytic 
species, respectively. Homogeneity may help lead to the source of faecal contamination thus 
helping in arresting future occurrence. Another example of such a case is that a high prevalence 
of sorbitol-fermenting E. coli in environmental water tends to indicate zoonotic rather than 
human point sources for faecal contamination (Bielaszewka et al, 1998; Karch et al, 1993). 
 
The aim of this study was to assess the impact of the Khayamnandi informal settlement, 
Stellenbosch, South Africa on the surface water of the Plankenbrug River by evaluating faecal 
microbial contamination before and after the informal settlement. 
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Khayamnandi is often implicated as a sole source of faecal contamination of the Plankenbrug 
River. The current study attempts to demonstrate that Khayamnandi augments the E. coli 
population already existing in the river with biotypes that are normally associated with humans. 
Demonstration of different biotypes before and after the informal settlement may indicate that 
the new biotypes are due to the informal settlement. 
3.3 Materials and methods 
3.3.1 Site description 
Water was sampled at two sites on the Plankenbrug River, west of Stellenbosch (Fig.3.1). One 
site is situated upstream from the Khayamnandi settlement while the other is downstream from 
Khayamnandi settlement at 18˚50′30″E, 33˚54′15″S and 18˚51′15″E, 33˚55′45″S, respectively 
(http://www.saexplorer.co.za/south-africa/map/stellenbosch_map.asp). The sites were chosen 
due to their accessibility. These sites were named Pre-Khayamnandi and Post-Khayamnandi, 
respectively. Pre-Khayamnandi is the last easily accessible point on the river before the 
settlement, while Post-Khayamnandi is the first easily accessible point after the settlement. Both 
sites are situated below bridges. For comparison, a nearby reference site (RS) was also chosen. 
This site is on Eerste River at 18˚53′45″E, 33˚53′45″S  
(http://www.saexplorer.co.za/south-africa/map/stellenbosch_map.asp) as it runs east of 
Stellenbosch before entering the town. This site is at Swaaibrug, Brummer Park. The aspects of 
the land around this river are such that it faces the sun more than the Plankenbrug River and is 
also steeper. This river runs the whole year round with an appreciable higher water volume than 
the former.  These two rivers combine southwest of Stellenbosch and later join Kuils River 
which eventually drains into the Atlantic Ocean at Macassar (State of the river report, 2005).  
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Figure 3.1: Map of Stellenbosch, South Africa, between 18˚54′30″E; 18˚48′30″S and 
18˚49′00″E; 33˚54′00″S, showing the location of the informal settlement of concern 
(Khayamnandi), the sampling sites: A (Pre-Khayamnandi), B (Post-Khayamnandi) and C 
(Reference site at Swaaibrug).  
Source: http://www.saexplorer.co.za/south-africa/map/stellenbosch_map.asp 
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3.3.2 Sample collection 
Table 3.1: Summary of samples used in the study 
Sample Collection 
Winter Series  Spring Series 
Sample 
No. 
Date Sample 
before 
rain 
Sample 
during 
rain 
Sample 
after 
rain 
Total 
samples 
analysed 
Sample 
No. 
Date Sample 
1 
Sample 
2 
Total 
samples 
analysed 
1 11, 12 & 14 
Jul 
X X X 3 7 6 & 8 Sep X X 2 
2 18, 19 & 20 
Jul 
X X X 3 8 11 & 12 
Sep 
X X 2 
3 25,2 6 & 29 
Jul 
X X X 3 9 16 & 20 
Sep 
X X 2 
4 5, 6 & 9 
Aug 
X X X 3 10 29 & 30 
Sep 
X X 2 
5 14, 15 & 18 
Aug 
X X X 3 11 4 & 5 Oct X X 2 
6 23, 24 & 24 
Aug 
X X X 3 12 14 & 15 
Oct 
X X 2 
 
The samples were collected in tandem with heavy rain for the winter series. Each week, 3 
samples were collected, one before rains start, one during heavy rain and the last one after heavy 
rain. Data from the three samples were pooled together and the average taken for that particular 
week. This comprised the winter series. For the spring series, water was collected twice a week 
for another six weeks, irrespective of rain because there were no heavy rains in this season. Data 
from the two samples were pooled together and the average taken as readings for that week.  In 
all, 12 weeks’ samples were analysed to generate data for this work. 
Three 500 ml Schott bottles with screw caps were used for each sampling. The bottles were 
cleaned with detergent and rinsed repeatedly with hot water to remove any detergent residues. 
Thereafter they were rinsed with distilled water at least three times. These were then 
appropriately labelled according to site and date of collection, wrapped in aluminium foil and 
autoclaved at 121°C for 15 minutes.  
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A suitable and accessible sampling spot was chosen for each site. Sampling areas which may not 
be representative of the main channel, such as areas of stagnation and those located near the 
inside bank of a curve in the stream, were avoided. 
Water temperature was recorded on the field sheet. The pH, total alkalinity, total hardness, and 
the concentration of nitrate (NO3
-
) and nitrite (NO2
-
) ion were measured using test strips 
(Aquarium Multi-Test Kit, Jungle Laboratories Corporation) and posted on the field sheet. The 
water was classified as hard or soft in accordance with the guidelines in Table 3.2. 
 
Table 3.2: General guidelines for classification of waters (adapted from USEPA, 1985) 
 
Water hardness (ppm) Rating 
<17.1 Soft 
17.1-60 Slightly hard 
60-120 Moderately hard 
120-180 Hard 
>180 Very hard 
 
For sample collection an appropriately labelled bottle was selected, unwrapped and held with one 
hand at its base. The cap was then unscrewed with the free hand and the bottle quickly dipped 
into the water mouth facing down. Once under the surface of water the bottle was allowed to fill 
by turning it upward with mouth angled against stream flow. After removal of the bottle from 
under stream, a small amount of water was poured off to allow air space. The cap was tightened 
and the sample volume was recorded in the field logbook. The sample was then transported to 
the laboratory and processed in the laboratory within six hours of collection. When this was not 
possible, they were stored at 4°C and processed within the next 24 hours. 
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3.3.3 Microbial assays 
3.3.3.1 Qualitative analysis for the presence of E. coli 
The presence of E. coli in the sample was tested on Dev lactose peptone MUG Broth (Fluka, 
31401) prepared by dissolving 26 g/l in distilled water. Ten ml of the medium was dispensed into 
Durham tubes and sterilized by autoclaving at 115°C for 20 minutes. The preparation was 
cooled, protected from direct light and stored below 8°C until use. One ml of sample was 
inoculated into the test tube and incubated overnight at 37°C. Turbidity of the medium 
accompanied by formation of gas overnight was used as a positive presumptive test for the 
presence of E. coli and/or other coliform organisms. In addition, the medium was viewed at 360-
370 nm for a slightly blue fluorescence indicating the presence of E. coli. This is due to 
production of β-D-glucuronidase by E. coli, which cleaves 4-methylumbelliferyl-β-D-
glucuronide to 4-methylumbelliferone and glucuronide. 
Kovac’s reagent was added to the tubes to confirm the presence of E. coli and read within 2 
minutes. A cherry red layer on top of the medium was considered positive for the presence of E. 
coli. In case there was no fluorescence after 24 hours, Kovac’s reagent was not added and the 
tubes were incubated for a further 24 hours. This was done because Kovac’s reagent may destroy 
the growth conditions for cultures, as it is an alcoholic reagent. 
3.3.3.2 Quantitative analysis of colony forming unit and identification 
Quantitative analysis of samples was done on Chromocult® coliform agar (CCA) (Merck; 
Cat.No.1.10426.0500). CCA was dissolved to a final concentration of 26,5 g/l in sterile water. 
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The medium was heated to assist dissolution then cooled down to about 45 – 55°C before 
pouring the plates. The plates were then marked with sample identification and dilution. 
The sample was vigorously shaken for about 25 times to disperse bacteria evenly before 
measuring desired volumes for filtration. Filtration was done by placing a sterile membrane filter 
(Satorius cellulose nitrate filter, pore size 0.45 μm) grid-side up on a sterile filter base with the 
filter cup (Nalgene, 500 ml) then firmly secured. Water samples were analysed neat or diluted in 
distilled water. The volume of neat or diluted samples analysed was kept at 100 ml. The neat or 
diluted water sample was transferred into the cup and filtration was assisted by suction with a 
vacuum pump (Gast, Model DOA-P730-BN). The cup was then rinsed with 30 ml of sterile 
buffered water. The first sample collected was diluted serially and filtered to establish the 
dilutions that produce 20 – 80 colonies on the membrane filter. This was done to establish the 
potential pollution levels. After filtration was completed, the vacuum was turned off and the 
membrane aseptically removed with sterile forceps. It was then rolled onto sterile Chromocult 
agar with care taken to avoid the formation of bubbles. A minimum of three dilutions (in 
triplicate) of each sample were filtered. The plates were incubated at 37°C for 18-24 hours after 
which they were investigated for growth of red and dark-blue pigmented colonies on the agar 
(qualitative analysis). 
Colonies on filter membranes were counted using a colony counter (Gallenkamp, UK). Colonies 
identified as E. coli were confirmed by their ability to ferment biochemical sugars, namely 
production of gas from glucose, fermentation of lactose, sucrose and mannitol together with 
reaction on the IMViC tests (Kotlowsky et al, 2007; Powers and Latt, 1977). Membrane filters 
with 30 to 250 colonies were selected for computation of the concentration of both E. coli and 
total coliform (TC) per 100 ml. This concentration was calculated as follows:   
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TC = (Number of red colonies + Number of dark-blue colonies)/Volume of sample filtered X 
100 ml.   
E. coli = (Number of dark-blue colonies)/Volume of sample filtered X 100 ml.  
Results were then reported as cfu/100 ml and log transformed. Bacterial concentration below 
detection was recorded as zero.   
3.3.4 Analytical profiling index (API) 
Each test kit is composed of a plastic sterile strip with 20 mini-tubes. Each tube contains 
desiccated medium for a specific biochemical test. A saline suspension of pure culture is 
inoculated into each of the tubes. Thereafter, some of the tubes are overlaid with sterile mineral 
oil allowing for anaerobic reactions by preventing oxygen from further entering the medium 
(BioMérieux, France). The 20 reactions on the API 20E test strip are presented in Table 3.3. 
ADH, LDC, ODC, H2S, and URE in Table 3.3 are anaerobic reactions that are overlaid with 
mineral oil.  Reactions from 1 to 20 in Table 3.3 are performed on the API test strip. 
Reaction 21, i.e. the oxidase reaction, is done separately on a piece of sterile filter paper 
impregnated with tetramethyl-p-phenylene-diamine dihydrochloride (Halpern et al, 2009; 
Rodriguez et al, 2011). In this reaction an overnight colony is applied to the filter paper with a 
wooden applicator stick. Oxidative positive reactions turn purple, while negative samples remain 
white or turn light pink. All Enterobacteriaceae are negative for oxidase test. After overnight 
incubation, reactions 8, 9 and 10 in Table 3.3 need appropriate supplementary reagents to be 
added before they can be interpreted (BioMérieux, France). The results are then reported as 
negative or positive. 
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Table 3.3: Reading frame for the API 20E 
READING TABLE 
Test Active ingredients 
Quantity 
(mg/cup) Reactions/ Enzymes 
Results 
Negative Positive 
ONPG 
2-Nitrophenyl-BD-
galactopyranoside 0.22 B-galactosidase Colourless Yellow 
ADH L-arginine 1.9 Arginine DiHydrolase Yellow Red/orange 
LDC L-lysine 1.9 Lysine DeCarboxylase Yellow Red/orange 
ODC L-ornithine 1.9 
Ornithine 
DeCarboxylase Yellow Red/orange 
CIT Trisodium citrate 0.76 Citrate utilization Pale green/yellow Blue green/blue 
H2S Sodium thiosulfate 0.08 H2S production 
Colourless/greyis
h Black deposit 
URE Urea 0.75 Urease  Yellow Red/orange 
TDA L-tryptophane 0.38 Tryptophane deaminase Yellow Reddish brown 
IND L-tryptophane 0.19 Indole production 
Colourless/pale 
green/yellow Pink 
VP Sodium pyruvate 1.9 Acetoin production 
Colourless/ pale 
pink Pink/red 
GEL Gelatin 0.6 Galatinase No diffusion Black pigment 
GLU D-glucose 1.9 Fermentation/oxidation  Blue/blue green Yellow 
MAN D-mannitol 1.9 Fermentation/oxidation  Blue/blue green Yellow 
INO Inositol 1.9 Fermentation/oxidation  Blue/blue green Yellow 
SOR D-sorbitol 1.9 Fermentation/oxidation  Blue/blue green Yellow 
RHA L-rhamnose 1.9 Fermentation/oxidation  Blue/blue green Yellow 
SAC D-sucrose 1.9 Fermentation/oxidation  Blue/blue green Yellow 
MEL D-melbiose 1.9 Fermentation/oxidation  Blue/blue green Yellow 
AMY Amygdalin 0.57 Fermentation/oxidation  Blue/blue green Yellow 
ARA L-arabinose 1.9 Fermentation/oxidation  Blue/blue green Yellow 
 
Table 3.3 gives the key for reading the API tests showing the 20 tests used for generating the 
seven-digit code.  Source:  (BioMérieux, France). 
In order to generate the analytical profiling index, the API 20 E tests are grouped into triads. The 
first triad is composed of the first 3 tests in Table 3.3; the second triad is the next 3, etc according 
to the manufacturer’s instructions.  
The first test in the API 20E strip is for action of β-galactosidase on o-nitrophenyl-8-D-
galactopyranosidel (ONPG).  β-galactosidase is one of the enzymes that are required in bacteria 
for lactose utilization (Lapage et al, 1973). In this assay ONPG, an analogue of lactose, is used 
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as a decoy molecule. ONPG can break down to produce a yellow coloured end-product, O-
nitrophenol, in the presence of β-galactosidase. Most enteric bacteria produce this enzyme. 
Positive tests will turn yellow, while negative tests will remain colourless (API 20E Instruction 
Manual version #2012). The results will be scored as 1 or 0 respectively.  E. coli is commonly 
positive for this test. 
In the test, the presence of arginine dihydrolase is assayed. Numerous microorganisms use L-
Arginine to generate ATP by the arginine dihydrolase 1 pathway. Arginine dihydrolase produce 
ornithine, ammonia and carbon dioxide from L-arginine (Galkin et al, 2004; Morada et al, 2010; 
Venugopal and Nadkarni, 1977). These products cause a rise in pH and subsequently a change in 
the indicator from yellow to red. Consequently, a positive arginine dihydrolase test will be red 
while a negative one will be yellow. As this result is the second in the triad, it will be scored 2 or 
0, respectively.  There are E. coli isolates that are positive for this test, although they are rare. 
The next two reactions are decarboxylation reactions where the production of lysine and 
ornithine decarboxylases by bacteria are tested. Phenotypic expression of these enzymes is 
demonstrated by the media turning red or pink due to the production of cadaverine and putracine, 
respectively. The medium will remain yellow in the absence of these enzymes.  The LDC has a 
high prevalence of positive E. coli while there are equal chances of encountering both positive 
and negative ODC biotypes of E. coli. 
In the fifth tube, bacteria are tested for their ability to use citrate as a sole source of carbon 
(Kanungo, 2009).  Traditionally citrate utilization is evaluated by observing turbidity in a tube 
that had been lightly inoculated after overnight incubation (Smith et al, 1978). This is, however, 
confounded by heavy initial inocula (Vaughn et al, 1950). Simmons formulated a preparation 
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that incorporated bromothymol blue as an indicator to identify growth on the medium.  When 
citrate is used as a carbon and energy source, alkaline carbonates and bicarbonates are ultimately 
produced. This causes an increase in pH of the solution to above 7.6 which causes the indicator 
to change from pale green (negative) to blue (positive) (API 20E Instruction Manual version 
#2012; Kanungo, 2009). Although E. coli is commonly citrate negative, positive isolates have 
been reported (Blount et al, 2008; Hall, 1982; Ishiguro et al, 1979; Pos et al, 1998). 
The sixth tube contains Sodium thiosulfate as a reactive ingredient. Some microorganisms can 
use sulphates as a sulphur source. These organisms reduce sulphur to hydrogen sulphide (Huang 
and Barrett, 1991). Organisms that produce hydrogen sulphide (H2S) cause precipitation of a 
black deposit (Treleaven et al, 1980) due to a reaction between H2S and iron salt in the medium. 
H2S-positive E. coli is rare (API 20E Instruction Manual version #2012; Magalheas and Vance, 
1982; Marker and Washington II, 1974; Treleaven et al, 1980). 
In the seventh tube the reactive agent is urea with phenol red as an indicator (API 20E 
Instruction Manual version #2012). Some organisms produce an enzyme called urease (Collins 
and Falkow, 1990). These organisms produce ammonia causing a rise in pH.  The medium turns 
red indicating a positive reaction. Negative reactions remain yellow.  E. coli are commonly 
negative for this test (Steyert et al, 2011). The API data sheet reports no prevalence of urease and 
L-tryptophan positive E. coli from the API system (API 20E Instruction Manual version #2012). 
The eighth tube tests for the production of tryptophan deaminase. This reaction is tested on L-
tryptophan. This reaction is visualized by addition of 10% ferric chloride whereupon it turns red 
(API 20E Instruction Manual version #2012).  
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In the 9th tube, the production of indole from tryptophan is tested. Some organisms produce the 
enzyme tryptophanase which breaks down tryptophan to produce indole (Wang et al, 2001).  A 
positive test is indicated by the pink colour produced following the addition of Kovac’s reagent 
to the medium. In negative tests the medium remains yellow (Sasaki-Imamura et al, 2010).  
There is a high prevalence of indole positive E. coli (LeClercq et al, 2001; Wang et al, 2001). 
The tenth tube is the Vogues Proskauer (VP) test where the production of acetoin from sodium 
pyruvate is determined (Iverson et al, 2007). In order to visualize acetoin, 40 % KOH and 6 % α-
napthol are added. Positive tests will turn red while negative tests may turn pale pink. E. coli is 
known to be VP-negative (API 20E Instruction Manual version #2012; Vinué et al, 2008). 
The 11th test is to determine whether test organisms produce gelatinase. Gelatinase is a 
proteolytic enzyme that causes gelatin liquefaction and release of a black pigment which diffuses 
throughout the medium (Kohn, 1953). There are no reports of E. coli testing positive for gelatin 
liquefaction (API 20E Instruction Manual version #2012). 
Reactions 12 to 20 are fermentation /oxidation tests. In these reactions the substrates are glucose, 
mannitol, inositol, sorbitol, rhamnose, saccharose, melibiose, amygdalin and arabinose, 
respectively.  The oxidative-fermentative tests determine whether Gram-negative bacteria 
metabolize carbohydrates oxidatively, by fermentation, or are asaccharolytic (API 20E 
Instruction Manual version #2012). Asaccharolytic bacteria have no ability to use the 
carbohydrate in the media and therefore will not alter the colour of the media.  Fermentation is 
an anaerobic process, where pyruvate is converted to a variety of mixed acids (Hallenbeck and 
Ghosh, 2009). Because of the high concentration of acid produced during this process, the 
bromothymol blue indicator in oxidation-fermentation media will turn from blue to yellow in the 
presence or absence of oxygen, starting from the bottom of the tube (De Mora et al, 2011). On 
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the other hand, oxidative reactions are aerobic and produce small amounts of weak acids. Colour 
change of the medium tends to be towards the top of the tube after the first 24 hour incubation 
(Zhu et al, 2003). It may subsequently diffuse throughout the tube. Reading the tubes carefully 
after 24-hour incubation is important in determining whether the tested bacterium metabolized 
carbohydrates oxidatively or by fermentation (API 20E Instruction Manual version #2012). 
Positive results will be yellow while negative results will be blue. Each positive result will be 
scored 1, 2 or 4 according to its position in the triad, irrespective of whether the reaction was 
oxidative or fermentative. Asaccharolytic reactions are scored zero. Fermentation of 
carbohydrates is positive for Enterobacteriaceae while oxidative processes are negative (Bouvet 
et al, 1989).  All E. coli metabolize glucose by fermentation producing acid and gas (Trinh et al, 
2008). Next to glucose comes mannitol, followed by sorbitol, arabinose, rhamnose and melibiose 
respectively (API 20E Instruction Manual version #2012). Saccharose (sucrose) fermentation is 
not uncommon with E. coli (Ratnam et al, 1998; Spyropoulou et al, 2001). Inositol and 
amygdalin fermentation is rare (Ratnam et al, 1998; Yoon and Horde, 2008; Souza et al, 1999). 
3.3.4.1 Preparation and inoculation of API strips 
Two hundred (100 from Pre-Khayamnandi and 100 from Post-Khayamnandi) single well-
isolated purple colonies (previously identified as E. coli) from the membrane were picked with a 
sterile loop and streaked onto nutrient agar (NA) plates. Each plate was given a reference number 
(1-100) that included the site and colony number. The NA plates were incubated for 18-24 hours 
at 37ºC. Young cultures were now ready for API and haemolysis assays. Isolates for API test 
were picked with a sterile pipette and carefully emulsified into 4 ml saline to achieve a 
homogeneous suspension in a test tube with the same reference number as the plate. The 
suspension was then used immediately for inoculating the API strips.  
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Five ml of distilled water was distributed into the honeycomb wells of the incubation box to 
create a humid environment. The reference number was written on the elongated flap of the tray 
to facilitate identification of isolates. The API strip was then removed from its packaging and 
placed into the incubation box. 
The pipette previously used to transfer the isolate from the NA plate into saline was used to 
distribute the bacterial suspension into the tubes of the strip. The strip was tilted forward and the 
pipette tip was placed against the side of the capule to avoid bubbles in the ampule of the strip. 
For citrate, Voges Proskauer and gelatin hydrolysis, both tubes and capules were filled. For the 
remaining tests, only the tubes were filled. The tubes for ADH, LDC, ODC, H2S and URE were 
overlaid with mineral oil to favour anaerobic reactions.   
The incubation box was then closed and incubated for 18-24 hours at 37°C. After incubation, the 
colour reactions were read. For TDA, one drop of TDA reagent was added and a reddish brown 
colour was considered as positive. For IND test, one drop of JAMES reagent was added and a 
pink colour interpreted as positive. For VP test, one drop of VP1 and VP2 were added and results 
read after 10 minutes. A pink or red colour indicated a positive test.  
3.3.4.2 Reading and interpretation of API results 
After incubation, the reading API frame (Table 3.3), supplied with the kit, was used to determine 
the nature of the results. All 20 reactions were recorded on the result sheets that were provided 
with the API kit. The tests are grouped into threes on the result sheet, with each test given a score 
of, 1, 2 or 4 (Table 3.4). These scores were then added together per group to give a seven-digit 
numerical value for each isolate. This seven-digit value is the API for the isolate tested (Table 
3.4). This index was then fed into a computer and read with the apiweb
TM
 identification software. 
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Table 3.4: API 20E triads 
Triad I II III IV V VI VII 
Tube 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 oxidase 
Reaction + + + - - - + + - + - - - + + + + + - + - 
Points 1 2 4 0 0 0 1 2 0 1 0 0 0 2 4 1 2 4 0 2 0 
Profile Index 7 0 3 1 6 7 2 
 
Table 3.4 represents the layout of the triads, where tubes 1, 2 and 3 are the first 3 reactions in 
Table 3.3 constituting the first triad. The positives in a triad are given a score of 1, 2 and 3 
respectively. All negatives are scored as zero. The values in each triad are added together. The 
resulting sum would thereafter represent the digit of that particular triad, as shown in Table 3.4. 
This seven digit figure is the analytical profiling index coding for a specific bacterium. 
3.3.5 Haemolysis assay 
Inocula were prepared as described for API (3.2.4). Three percent (3%) blood solution was 
prepared by mixing 15 ml fresh horse blood in 485 ml of Dulbecco purified salts. One and a half 
millilitres of this solution was dispensed into each of 212 Eppendorf tubes. One hundred tubes 
were for the Pre-Khayamnandi isolates and the second hundred was for Post-Khayamnandi. The 
remaining twelve tubes were 3 control groups, namely, blood blanks and two sets of positives 
(i.e. β and α-haemolytic streptococci). 
Each isolate was picked from the nutrient agar plate with a sterile pipette tip and emulsified in an 
Eppendorf tube with 2 ml Dulbecco salts. The isolates were then incubated at 37ºC for 4 hours to 
reach the log phase. Aliquots of 200 μl were then dispensed into 96-well Nunc maxisorb 
microtitre plates and the plates read for opacity at 600 nm with a spectrophotometer. The aliquots 
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to be assayed for haemolysis were then calculated from the lowest spectrophotometer reading to 
eliminate variation due to bacterial concentration. The formula used was, V = C0/Cn*20 μl, 
Where  V= volume to use 
   C0= Lowest microbial density 
   Cn= Microbial density of the aliquot to be assayed. 
The isolate sample at V was gently mixed with blood in an Eppendorf tube by inversion and 
incubated at 37ºC for 1 hour. The mix was tapped every 10 minutes during the incubation period. 
After incubation, the mix was centrifuged at 1000 rpm for 10 minutes. Fifty microlitres of the 
supernatant was transferred from their respective tubes into a new microtiter plate and read for 
haemolysis. The first column in the plate was reserved for controls with blood blank in the first 
two wells, followed by two wells of the negative control and the next two wells contained known 
positive controls. The last two wells were left blank in order to determine the background due to 
the plate itself. The plates were read with the spectrophotometer at 405 nm for haemolysis and 
the data captured on the computer. Deducting the plate’s average background and the average 
blood blank OD readings from the samples’ OD readings normalized the readings. Statistical 
analysis was done using SigmaPlot 11 version. 
3.3.6 Statistical analysis of data 
One-way ANOVA (SigmaPlot 11 version) was used to demonstrate significant differences in 
bacterial concentrations between sites. Different sampling stages were compared to see if any 
consistency could be deduced with regard to prevalence of certain subtypes.  
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3.4 Results and discussion 
3.4.1 Physicochemical parameters 
Table 3.5: Physicochemical parameters across study sites 
 T (ºC) pH TA (ppm) TH (ppm) NO2- (ppm) NO3- (ppm) 
Winter 
RS a12  ±2.76 6.3 ±0.24 6.67 ±16.33 4.17 ±16.33 0 ±0.00 3.33 ±8.16 
Pre-K a*14.33 ±1.86 **8.17 ±0.27 **220  ±90.33 **300  ±0.00 *0.25 ±0.27 **23.33 ±8.16 
Post-K a*13.83 ±1.72 **8 ±0.44 a**163.33 ±77.37 **245 ±77.37 *0.42 ±0.38 **36.67 ±23.38 
Spring 
RS a15.4 ±1.52 6.57 ±0.43 0 ±0.00 0 ±0.00 0.17 ±0.26 3.33 ±8.16 
Pre-K a15.8 ±0.45 **7.8 ±0.42 **170 ±70.14 **250 ±77.46 0.17 ±0.26 *23.33 ±15.06 
Post-K a16 ±0.71 **7.57 ±0.41 αa**100 ±21.91 α**145 ±83.07 0.33 ±0.26 16.67 ±19.66 
Key: 
T – Temperature, TA - Total alkalinity , TH - Total hardness, NO2
- - Nitrites, NO3
- - Nitrates 
* p < 0.05 (significantly different to RS for a specific season) 
** p < 0.01 (significantly different to RS for a specific season) 
a p < 0.05 (significantly different between winter and spring for the same site) 
b p < 0.01(significantly different between winter and spring for the same site) 
α  p < 0.05 (Pre-K is significantly different to Post-K) 
β p < 0.01 (Pre-K is significantly different to Post-K) 
Table 3.5 presents the averages and standard deviations of the physicochemical parameters 
studied across the three sites (n=6).  RS, Pre-K and Post-K represent the reference site, Pre-
Khayamnandi and Post-Khayamnandi, respectively. These averages represent measurements 
over winter and spring, that is, rainy and dry seasons respectively.  Table 3.5 also depicts season 
and site specific p values comparing the physicochemical parameters across the sites. 
Temperature is the single most important factor for longevity of bacteria in water. Hara-Kudo et 
al (2000) illustrated the importance of temperature on the survival of bacteria in water under 
starvation conditions. In their study, bacterial populations decreased faster at 4ºC than at 18ºC. 
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They also showed that the initial bacterial population correlated positively with its survival. 
Assuming that temperature was the only major factor, lower temperatures at the reference site 
could have negatively affected its microbial population. Low temperatures together with lower 
population density could have facilitated die-off.  
There was no seasonal significant difference in temperature between Pre- and Post-K sites (Table 
3.5). The slight difference in temperature across the settlement could be due to the aspects of 
land at the sampling positions. Temperature also affects a wide array of physical and chemical 
factors such as pH, nitrate and nitrite concentration, to name a few (Jaynes et al, 2004; 
LeChevallier et al, 1996). Due to the insignificant differences in temperature across the three 
sites and the different distribution of other physicochemical properties, a correlation of 
temperature with these variables has no merit. Hence the other parameters would be discussed 
individually or in small groups without considering the influence of temperature. 
The pH is determined by the concentration of hydrogen ions and alkalinity by concentration of 
hydroxyl, bicarbonate and carbonate ions in water (Palmer et al, 2004). Rivers in the Western 
Cape are naturally acidic because of fynbos vegetation (Dallas and Day, 2004). A sustained low 
pH would indicate the integrity of these rivers.  
The three sites used in the current study have two different origins (Fig. 3.1). Test sites are on 
Plankenbrug River while the reference site is on Eerste River. This could explain the difference 
in pH of the two rivers (Table 3.5). However, the variation in the two rivers may indicate 
pollution. The spring pH difference between RS and the two test sites was ≥ 1. This indicates 
more than 10-fold increase in H
+
 concentration. The winter series exhibited almost double this 
increase (Table 3.5). Post-K also had a slightly wider range than Pre-K in winter. Total alkalinity 
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could have maintained high pH in the two test sites in both seasons. RS was significantly 
different to test sites (Table 3.5). The two test sites were also significantly different from each 
other (p < 0.05). These differences in TA could have affected pH. All three sites are within the 
survival pH range (4.4 ≤ pH ≥ 9.0) for E. coli (Aronsson and Rönner, 2001). Therefore, pH could 
not have had any negative impact on the population density of the faecal indicators. 
RS had little buffering capacity (TA = 6.67 ppm and 0.00 ppm) in winter and spring, 
respectively. This indicates that this water was susceptible to pH changes. Such susceptibility 
could positively influence microbial die-off, given that fynbos vegetation tends to make river 
water acidic (Dallas and Day, 2004).  
Closely associated with buffering capacity in water, is the total hardness which is the molar sum 
of calcium and magnesium found in water. The overall mean for RS (2.08 ppm) was due to a 
single event over the whole sampling series as demonstrated by a high standard deviation. This is 
demonstrated in Table 3.5 with 4.17±16.33 and 0.00±0.00 for winter and spring, respectively. In 
general the total hardness (TH) detection levels were below threshold. This single event was 
after the first heavy rains, after which the TH readings levelled off at 0.00 ppm. These readings 
set RS apart from the other two test sites where there was constant presence of TH detection 
(Table 3.5). The two test sites were significantly different (p < 0.05) from each other in spring. 
Thus, the RS is different from Pre-K, and Pre-K is different from Post-K. This means that the 
two test sites are subjected to different influences. 
Hard water has benefits; for example, it can protect fish embryos in the presence of silver 
toxicity (Morgan et al, 2005).  It can also influence turbidity of water (Homendra, 2004). In the 
latter capacity, it may also offer shielding of microbes from the sun and offer a medium to form 
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surds, thus perpetuating their persistence. So in terms of toxicity with reference to total hardness, 
Post-K may have more remedying capacity than Pre-K with persistent higher TH. 
The other parameters, namely, nitrites and nitrates also show that the two test sites were both 
significantly different to RS in winter (p < 0.05 and p < 0.01 for nitrites and nitrates, 
respectively) (Table 3.5). The [NO3
-
] at RS differed significantly from Pre-K (Table 3.5) in 
spring. Post-K exhibited a high [NO3
-
] mean in spring but was not significantly different to RS. 
This mean was due to one episode and is demonstrated by the high standard deviation (Table 
3.5). 
The above physicochemical tests indicate that RS is different from Pre-K. The question now is 
how different are the two sites from each other? The p values in Table 3.5 do not show any 
appreciable differences in physicochemical parameters across the two test sites except for TA 
and TH in spring. 
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3.4.2. Microbial assays 
3.4.2.1 Qualitative analysis 
 
Figure 3.2: Presumptive test for the presence of E. coli with DEV Lactose Peptone MUG 
broth after inoculation with sample and incubation over-night at 37˚C, viewed under UV 
light. 
From left to right are RS, Pre-K and Post-K samples, negative and positive control, respectively 
(Fig.3.2). Tubes 1, 2, 3 and 5 (from left to right) fluoresced blue when irradiated with long-wave 
ultra violet light (λ = 366 nm) while tube 4 remained negative. In these tubes the enzyme β-D-
glucuronidase produced by E. coli had hydrolyzed 4-methylumbelleryl- β-D-glucuronide in the 
medium to produce a fluorescent end product, 4-methylumbelliferone.  In tube 4 there was no 
reaction because there was no E. coli. Tubes 2 and 3 demonstrated weaker fluorescence, possibly 
due to the diffusion of the fluorogen into the particulate matter in these tubes. All samples were 
 
Gas bubble in 
a Durham tube 
 
 
 
 
 
 
 
 
54 
 
treated in the same way to avoid any discrepancies. This was a presumptive test for faecal 
contamination. The first step for confirming the presence of E. coli was investigating the inverted 
Durham tube inside the test tube for gas production. In tubes 1, 2, 3 and 5, there was a gas bubble 
in each of the Durham tubes.  In the negative control (test tube 4) no gas formed (Fig.3.2). 
 
Figure 3.3: Confirmatory test for presence of E. coli on DEV Lactose Peptone MUG Broth 
using Indole reaction. 
The front row shows the confirmatory test for the presence of E. coli in the samples from the 
three sites with Kovac’s reagent after incubation of sample O\N at 37˚C (Fig. 3.3). A qualitative 
presumptive test for the presence of E. coli (Fig.3.3) was done for all samples collected. All 
samples tested positive. However, the fluorescence intensities and amount of gas formed varied, 
indicating inhibition of the enzyme in turbid water. The presence of E. coli was then confirmed 
with the Indole reaction (Fig. 3.3). 
Due to financial implications of quantitative tests, it is ideal to initially do a presence or absence 
assay for faecal contamination. The results from such an assay would then inform the subsequent 
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steps. Some chromogenic and fluorogenic media serve this purpose well. Similarly in the current 
study, it first had to be established whether there was faecal contamination or not before 
proceeding to elucidate the extent of contamination through which the difference or similarity of 
the two sampling sites were assessed.  
The three sampling events around one episode of heavy rain were aggregated into a single event 
in order to avoid serial correlation yet capturing both events around the episode (Table 3.1). 
Richards and Grabow (2003) warned about error due to independent observations. They warned 
that the first observation may carry influence over into the subsequent one, thus creating noise in 
the overall observation. Grabow et al (1999) suggested that the easiest way to correct serial 
correlation is to aggregate data into a larger step, for example, average data around a single 
event. 
In the current study the presence or absence of faecal matter at the sampling sites was assessed 
using a fluorescence medium called DEV Lactose Peptone MUG Broth exploiting the presence 
or absence of E. coli as an indicator. Figure 3.2 shows the activity of β-D-glucuronide in all 
experiment test tubes. However, the RS in test tube 1 showed the brightest fluorescence. This 
correlates with the comparative clarity of water at this site (Fig. 3.2). The turbidity of water from 
Pre- and Post-K interfered with fluorescence in test tubes 2 and 3 respectively (Fig. 3.2). The 
high affinity of 4-methylumbelliferone for soil particles lowered fluorescence (Manafi, 2000; 
Marx et al, 2001). The intensity of fluorescence appeared not to be related to the amount of E. 
coli in the sample. Therefore E. coli was presumed present in all sites.  
The presumptive presence of E. coli was then fully confirmed by indole reaction (Fig. 3.3). All 
samples tested positive for indole reaction verifying the presence of E. coli in all samples. The 
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need for verification arises from the fact that Salmonella, Shigella and Yersinia spp. are also 
GUD positive but are indole negative (Heizmann et al, 1998; Manafi, 2000). For assessing 
whether water is fit for drinking  purposes, no further testing is required if these tests are 
negative. 
3.4.2.2 Quantitative analysis 
 
Figure 3.4: Indicator organisms on Chromocult agar plate 
Figure 3.4 shows a membrane filter with filtered sample on a Chromocult agar plate after 
incubation overnight at 37˚C. The dark blue colonies are E. coli colonies and pink colonies 
indicate other coliforms.  
A quantitative analysis on the membrane filter-Chromocult agar system (Fig. 3.4) showed 
diverse amounts of the indicator organisms across the different sites. The red pigmented colonies 
were identified as total coliform (TC) while blue to dark blue colonies were identified as E. coli. 
It was not possible to count from neat samples, particularly for the test sites. Countable colony 
+ve Control 
-ve Control 
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forming units started at 1 in 4 dilutions for most cases. Countable colonies ranged from 30 to 250 
per membrane filter. The average colony count for Post-Khayamnandi was the most diverse for 
both total coliforms and E. coli on the whole (Table 3.6). 
Table 3.6: Average colony counts for winter and spring 
Average microbial counts (cfu/100 ml) 
 Total coliforms E. coli 
Sample series RS Pre-K Post-K RS Pre-K Post-K 
1 4.62E+01 9.61E+08 1.46E+08 1.03E+01 7.38E+05 3.10E+07 
2 1.25E+01 9.25E+07 2.45E+06 3.33E+00 1.60E+07 6.83E+05 
3 1.25E+01 7.69E+05 1.10E+06 3.33E+00 7.23E+04 3.91E+05 
4 4.62E+01 2.15E+06 1.38E+06 1.03E+01 3.17E+05 6.70E+05 
5 2.00E+01 2.82E+06 6.56E+06 5.00E+00 8.47E+05 2.01E+06 
6 6.00E+01 3.31E+05 2.35E+06 2.00E+01 1.64E+04 2.35E+06 
7 2.50E+01 1.46E+07 2.53E+06 5.00E+00 3.90E+06 1.73E+06 
8 7.50E+01 5.47E+06 8.90E+08 2.25E+01 1.63E+06 2.80E+08 
9 4.42E+01 2.50E+06 2.75E+07 1.20E+01 2.50E+05 8.95E+07 
10 4.95E+01 2.85E+06 3.45E+08 4.57E+01 1.30E+06 1.20E+08 
11 1.50E+00 3.20E+06 4.30E+08 8.33E-01 1.80E+06 1.98E+08 
12 6.50E+01 6.70E+06 6.55E+08 4.18E+01 3.40E+06 2.30E+08 
 
Table 3.6 represents average microbial concentration per 100 ml over winter and spring series, 
i.e. 1-6 and 7-12, respectively. Each series (n=6) was comprised of 3 and 2 sampling episodes in 
winter and spring, respectively. Each episode is a mean of three samples. The microbial density 
in RS is in the region of 10
1
, while the other two sites range between 10
5
 and 10
8
 both seasons. 
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Table 3.7: Summary of seasonal variation of TC and E. coli during sampling series 
Comparison of Seasonal Microbial Averages 
Series 
 
 
Total coliforms E. coli 
Winter RS 
 
**
Pre-K 
**
Post-K RS 
**
Pre-K 
**
Post-K 
Spring RS 
α**
Pre-K 
a**
Post-K RS 
α
**Pre-K 
a
**Post-K 
Key:  
* - p < 0.05 (significantly different to RS for a specific season) 
** - p < 0.01 (significantly different to RS for a specific season) 
a 
– p < 0.05 (significantly different between winter and spring for the same site) 
α
 – p < 0.05 (Pre-K is significantly different to Post-K) 
Table 3.7 presents the seasonal microbial averages of TCs and E. coli (n=6) compared across the 
three sites. Significant differences within and across the three sites are also presented as against 
RS seasonally, within each site across the two seasons and seasonally across the two test sites. 
CCA contains two chromogenic enzyme substrates 6-chloro-3-indoxyl-3-ß-D- galactopyranoside 
(SALMON-GAL) and 5-bromo-4-chloro-3-indoxyl-ß-D-glucuronic acid, cyclohexylammonium 
salt (X-GLUC), for detection of activities of ß-D-galactosidase from coliforms and ß-
glucuronidase from E. coli, respectively. After hydrolysis SALMON-GAL releases a 
chromogenic compound, chloroindigo forming salmon to red coloured colonies, while X-GLUC 
releases bromochloroindigo forming light blue to turquoise colonies (Finney et al, 2003; Merck, 
2000). 
CCA exploits the discrimination of both TC and E. coli. This enables the evaluation of the same 
scenario using these two parameters separately. Therefore the trend in faecal pollution was 
observed for both E. coli and TC simultaneously. Data for Table 3.6 was generated from 
counting the pink/red plus blue colonies for TC on the filtration membranes (Fig. 3.4) grown on 
CCA while blue colonies indicated the presence of E. coli only. 
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The two test sites were significantly different (p < 0.01) to RS for both winter and spring (Table 
3.7). Pre-K and Post-K further differed (p < 0.05) from each other in spring. Table 3.7 further 
showed difference (p < 0.05) within Post-K across the two seasons. The Ln [TC] increased by a 
factor of 2 in spring at Post-K (Table 3.6).  
The difference between RS and Pre-K E. coli population density was pronounced for both 
seasons (p < 0.05). There was also a significant difference between Pre-K and Post-K (p < 0.05, 
Table 3.7). 
In general, linear transformations of average Ln (TC) population across the three sites show 
different responses to decrease in water flow. Contrary to expectation, the population at Post-K 
increased, while that at the other two sites responded according to norm. The decline at RS is 
pronounced (p < 0.05) while a flatter gradient at Pre-K was observed. This was also visible when 
comparing the winter to the spring population densities (Table 3.7). It is worth noting that in 
winter both Pre- and Post-K were in the same range on average count, i.e. 10
7
(Table 3.6). They 
were different in range, where Post-K had a broader range (Table 3.7). Turning to spring, the 
averages of the two sites were 10
2
 fold apart (Table 3.6). This indicates that microbial presence is 
indeed heavily increased by conditions surrounding Khayamnandi though it may not be merely 
due to wash-off from the settlement itself. The persistent microbial presence at Post-K may also 
be influenced by anthropogenic activities and vegetation immediately at the banks and above the 
sampling point of the river, respectively. E. coli population followed a similar trend.  
Hara-Kudo et al, 2000, made an observation that bacterial decrease with time under starvation is 
less pronounced when the initial density was high. This could be one of the explanations of the 
patterns seen in the trend analysis. Linear transformations of the microbial population indicate an 
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increase in microbial density for both populations despite reduced water flow; hence water influx 
from the settlement. The increase in E. coli was however slightly higher (p ≤ 0.05).  
Taking into consideration that microbial density at RS and Pre-K declined after heavy rains, it 
seems that there were persistent contributing factors within the boundaries of Khayamnandi 
(Table 3.6). It appears that these factors were not directly linked to rains, although such 
conditions exacerbated the situation as indicated by sample series points 1 in winter and 8 in 
spring (Table 3.6). The points that are farthest above the linear transformation represent samples 
at storm flow or when water velocity had settled down from rapid flow (e.g. point 8 in Table 3.6) 
after wash-off had taken place. Overall, the significant increase (p ≤ 0.05) in E. coli at Pre-K 
suggests that the surrounding environment plays a major role in polluting the Plankenbrug River 
(Table 3.7).  
All data collected refutes the assertion that the degree of pollution at RS is equivalent to that at 
Pre-K. Instead, data points out that Pre-K faecal pollution is much higher than that at the 
reference site.  Further the assertion that Pre-K pollution is different to that at Post-K is affirmed. 
It could be thought that these assertions are influenced by run-offs during heavy rains. Therefore, 
analyzing the two seasons separately may lend perspective to that event.  
However, in the case of E. coli, the difference between Pre- and Post-K was more prominent 
compared to that of TC (Tables 3.6, 3.7). The reference site showed perceptive seasonal 
variation, from winter to spring in both total coliform and E. coli prevalence. There was however 
more average decrease in total coliforms while a slight but significant increase in E. coli was 
observed. In the Pre-K site there was an increase of both classes, however these changes were 
not statistically significant. In contrast to both Pre-K and RS, Post-K reflected appreciable 
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average increase in both classes (p ≤ 0.01). E. coli increase was more marked of the two classes 
with 1000x increase as compared to a 100x increase in total coliforms. Spring E. coli count 
increased from an average 10
6
 to the 10
8
. Despite this increase, there was least variation, Ln 
(cfu/100 ml = 1.14); within the spring samples on this site (Table 3.7). The highest microbial 
variation within a season was observed at Pre-K in E. coli, that is Ln (cfu/100 ml) = 6.88 (Table 
3.7). Spring samples had insignificant variation although E. coli concentrations were higher than 
in winter. This could be due to increased temperature in spring that encourages microbial growth 
in water meaning that this site continually responded to rain even in spring, the drier season. The 
earlier conclusion stands firm that the informal settlement contributes to an already dire situation. 
All these results support that the river is already polluted as it reaches Pre-K. 
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3.4.3 Analytical profiling index 
 
Key:  
1-ONPG  2-ADH   3-LDC   4-ODC   5-CIT   6-H2S  
7-URE  8-TDA   9-IND   10-VP   11-GEL   12-GLU    
13-MAN  14-INO   15-SOR   16-RHA   17-SAC   18-MEL   
19-AMY  20-ARA 
Figure 3.5: API reactions from isolates of Pre-K 
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Key:  
1-ONPG  2-ADH   3-LDC   4-ODC   5-CIT   6-H2S  
7-URE  8-TDA   9-IND   10-VP   11-GEL   12-GLU    
13-MAN  14-INO   15-SOR   16-RHA   17-SAC   18-MEL   
19-AMY  20-ARA 
 
Figure 3.6: API reactions from isolates of Post-K 
 
Isolates from Figure 3.5 had slight differences in their respective reactions. As a result, the 
isolates shown above were identified as variants of E. coli 1. In contrast to Figure 3.5, isolates 
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from Post-K (Fig. 3.6) exhibited a number of differences in their biochemical reactions. The 
apiweb
TM
 identification software again identified them as variants of E. coli. 
 
Figure 3.7: Graph representing % distribution of E. coli subtypes within and across Pre- 
and Post-K 
Pre-K isolates were dispersed, while those of Post-K seemed clustered in two prominent groups 
(Fig. 3.7). After entering the 7 digit codes, which resulted from the respective API reactions, all 
isolates were identified as E. coli 1 with confidence ranging from 86.2% to 99.9% (Table 3.8), 
except for two isolates from Post-Khayamnandi. The first deviant isolate had a profile index of 1 
404 552. It was identified as Citrobacter freundi with the second best identification as E. coli 1.  
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The second deviant isolate had a profile of 5 044 112 and was identified as E. coli 2, with second 
best identification as E. coli 1. 
Having enumerated the extent of pollution across the two sites, the distribution of isolates was 
determined, via API 20E and haemolytic assay for similarities or dissimilarities. Isolates from 
Pre-K site gave 7 distinct analytical profiles, while Post-K yielded 10 (Fig. 3.5, 3.6). Pre-K API’s 
ranged from 5 044 572 to 7 144 573 and Post-K 1044572 and 7 044 572. Pre-K profiles had two 
peaks, one at 7 044 572 (18%) and the other at 7 144 572 (67%) (Fig. 3.7). These API peaks 
stood out at the opposite end of the range to those that characterized Post-Khayamnandi isolates. 
The whole of Post-K isolates occupied the lower range with peaks at 5 144 152 (26%) and 5 144 
572 (52%). The only common index across the two sites was at 5 144 572. 
Figure 3.7 reflects stark contrast between the two sites. Post-K has strains that are not available 
at Pre-K. The three peaks at Post-K rivaled by the two at Pre-K invariable show distinction 
between the two sites. Post-K demonstrates diverse population while Pre-K almost points at a 
sole source. The sum total of results from both sites substantiates that the integrity of water 
across the two points is affected differently. These differences point out once more that Post- and 
Pre-K are impacted differently. These differences also suggest a probability of using the 
prominent strains for bacterial source tracking and/or as biomarkers for pollution. 
Isolates within each site reacted differently to some of the API tests. These tests could then be 
used as markers for identifying different biotypes. The API isolates from Pre- and Post-K were 
investigated in order to establish if they could point at different sources of pollution. Sucrose and 
sorbitol fermentation in the API assay amongst other tests seemed to provide the answer to this 
question as biotyping assay. 
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Table 3.9 showed skew distribution of sucrose fermenters towards Pre-K. Both test sites 
exhibited high prevalence of sorbitol fermenters. The distributions of the biotypes across the two 
test sites indicate that their sources are different (p ≤ 0.05). This together with the almost 
exclusive prevalence of one subtype of bacteria in at one site, carry a strong probability of point 
source impact on that site while diversity implies diffused source. This means that sorbitol 
fermentation can be used as a biotyping tool in tracing the source of faecal contamination in 
water. 
Table 3.8: Percentage positives for individual API tests 
Percentage positives of 
isolates 
Significant 
difference 
across sites Tests Pre-k Post-k 
ONPG 100% 99% None 
ADH 95% 1% Yes 
LDC 100% 97% None 
ODC 78% 81% None 
CIT 3% 2% None 
H2S 0% 4% Yes 
MAN 100% 99% None 
INO 2% 0% None 
SOR 100% 73% Yes 
RHA 100% 99% None 
SAC 100% 59% Yes 
MEL 99% 97% None 
AMY 4% 0% None 
 
Table 3.8 shows the distribution of positive results for each API test for Pre-K and Post-K. 
Differences across the two tests sites are also reflected. 
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Table 3.9: Prevalence of sorbitol and sucrose fermenters across the two sites 
Site 
Pre-Khayamnandi 
(n=100) 
Post-Khayamnandi 
(n=100) 
 
Prevalence (%)  
Sorbitol 
fermentation 100 73 
Sucrose 
fermentation 
100 59 
 
Table 3.9 was adapted from the API test (Table 3.8) to be interpreted as possible biotyping and 
toxicologic assays. There were significant differences across the two sites for both sorbitol and 
sucrose fermentation tests (p ≤ 0.05 for both assays).  
The prevalence of such high percentages of sorbitol fermenters (100% and 73% for Pre- and 
Post-K, respectively) is alarming because sorbitol fermenting E. coli is closely associated with 
haemolytic uremic syndrome (HUS). Its association with fatality talks to the toxicity of the river 
across the two sites and beyond (Karch et al, 1990; Karch and Bielaszewska, 2001). The lower 
prevalence downstream seems to indicate dilution of the river population by influx of non-
sorbitol fermenting E. coli. This is true under the assumption that the river population should be 
evenly distributed all things being equal. Alternatively, assuming the river population is discrete 
one would draw a conclusion that there is a skew distribution of biotypes across the two sites. 
This population difference negates the hypothesis that the informal settlement is the sole 
contributor to the river’s pollution. As is, it reinforces that it might heavily add to the river’s 
pollution.  
Since there is no specific treatment for HUS and there is no consensus on the reservoir of 
sorbitol fermenting E. coli, prevention is of essence (Werber et al, 2011). It is therefore 
important to further study in detail the prevalence of an organism with such great probability of 
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virulence in water. Such information would enhance the epidemiological knowledge of this 
pathotypes. 
Table 3.9 also demonstrates a skew percentage distribution of sucrose fermenters towards Pre-K 
with 100% of isolates positive (p ≤ 0.05). This significant difference in distribution indicates 
homogenous distribution of sucrose fermenters in this site while downstream it shows 
heterogeneity. Firstly, it can be deduced from this that the two sources are polluted from 
different sources. Secondly, with the background that omnivores have heterogeneous E. coli 
flora (Carlos et al, 2010), Post-K site is most likely having direct anthropogenic contamination. 
This indicates that the settlement augments the river’s pollution with new pollution markers. 
Concern, however, is raised when considering that sucrose fermenting ability is plasmid 
mediated (Bogs and Geider, 2000). This means that downstream (Post-K) there could be 
intermixing of different subgroups. This could result in new and more virulent pathotypes as 
these plasmids are readily transmissible (Orsi et al, 2007; Shukla et al, 2004; Bogs and Geider, 
2000). 
Homogeneity at a site may be a strong pointer towards herbivores and avian population as 
potential pollutants (Carlos et al, 2010; Zinnah et al, 2007). As such, the sucrose fermentation 
assay can be used as a biotyping assay for surface water pollution. Hence, the E. coli sucrose 
fermentation assay can help in bacterial source tracking where pollution has already occurred. 
This may help direct remedial measures appropriately and save resources. 
Both sorbitol and sucrose fermentation assays lean toward considering of the river across the two 
points as toxic with Pre-K more toxic. The distribution of the pathotypes, if it is shown to be 
conserved over a long time at one point, may go a long way in tracing the epidemiology due to 
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these fermenters and the associated pathogens via endemicity. In a similar way, the persistent 
sustained skew distribution of biotype could be used for bacterial source tracking. The skew 
prevalence of E. coli with pathogenic potential suggests that remedial measures must also 
encompass beyond the informal settlement. Neglecting this could result in misdirected efforts in 
curtailing the problem at hand. 
3.4.4 Haemolysis assay 
Table 3.10: Haemolytic activity of isolates from Post-K 
 
Post-K 
OD 
% 
Ref 
β 
% 
Ref 
α 
Post-K 
OD 
% 
Ref 
β 
% 
Ref 
α 
Post-K 
OD 
% 
Ref 
β 
% 
Ref 
α 
Post-K 
OD 
%  
Ref  
β 
%  
Ref  
α 
-0.0305 
-
1.88 -3.10 0.025 1.54 2.54 0.047 2.90 4.78 0.061 3.76 6.20 
-0.0273 
-
1.68 -2.78 0.025 1.54 2.54 0.047 2.90 4.78 0.064 3.95 6.51 
0.0085 0.52 0.86 0.025 1.54 2.54 0.047 2.90 4.78 0.064 3.95 6.51 
0.0105 0.65 1.07 0.0255 1.57 2.59 0.047 2.90 4.78 0.064 3.95 6.51 
0.0125 0.77 1.27 0.026 1.60 2.64 0.047 2.90 4.78 0.064 3.95 6.51 
0.013 0.80 1.32 0.026 1.60 2.64 0.047 2.90 4.78 0.068 4.19 6.91 
0.013 0.80 1.32 0.026 1.60 2.64 0.0495 3.05 5.03 0.0705 4.35 7.17 
0.013 0.80 1.32 0.0305 1.88 3.10 0.0525 3.24 5.34 0.079 4.87 8.03 
0.0145 0.89 1.47 0.0305 1.88 3.10 0.053 3.27 5.39 0.0835 5.15 8.49 
0.0165 1.02 1.68 0.031 1.91 3.15 0.053 3.27 5.39 0.0895 5.52 9.10 
0.0195 1.20 1.98 0.031 1.91 3.15 0.053 3.27 5.39 0.0945 5.83 9.61 
0.02 1.23 2.03 0.031 1.91 3.15 0.0545 3.36 5.54 0.0945 5.83 9.61 
0.02 1.23 2.03 0.0325 2.00 3.30 0.0545 3.36 5.54 0.1 6.17 10.17 
0.02 1.23 2.03 0.0345 2.13 3.51 0.055 3.39 5.59 0.102 6.29 10.37 
0.02 1.23 2.03 0.036 2.22 3.66 0.055 3.39 5.59 0.1025 6.32 10.42 
0.024 1.48 2.44 0.0365 2.25 3.71 0.0565 3.49 5.74 0.3595 22.18 36.55 
0.0245 1.51 2.49 0.037 2.28 3.76 0.058 3.58 5.90 0.963 59.41 97.92 
0.0245 1.51 2.49 0.037 2.28 3.76 0.0585 3.61 5.95 0.9745 60.12 99.08 
0.0245 1.51 2.49 0.037 2.28 3.76 0.0595 3.67 6.05 0.979 60.39 99.54 
0.0245 1.51 2.49 0.037 2.28 3.76 0.0595 3.67 6.05 0.988 60.95 100.46 
0.025 1.54 2.54 0.0405 2.50 4.12 0.06 3.70 6.10 0.9935 61.29 101.02 
0.025 1.54 2.54 0.0425 2.62 4.32 0.06 3.70 6.10 1.003 61.88 101.98 
0.025 1.54 2.54 0.0425 2.62 4.32 0.06 3.70 6.10 1.0515 64.87 106.91 
0.025 1.54 2.54 0.0425 2.62 4.32 0.06 3.70 6.10 1.0595 65.36 107.73 
0.025 1.54 2.54 0.0465 2.87 4.73 0.061 3.76 6.20 1.1135 68.69 113.22 
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Table 3.10 shows 100 isolates in sets of 25. Columns 1, 2 and 3 are corrected OD readings of 
isolates’ haemolytic activities against the media blank, followed by correction against positive 
controls, i.e. β and α-haemolytic streptococci, respectively. This represents the first set of 25 
isolates, followed by the next 3 sets of 25 isolates, thus making 100 in total. Percentage Ref β 
and α = isolate activity / average activity of β- or α-streptococci (respectively) X100.  
 
Haemolytic activities were measured at 405 nm using an ELISA microtiter plate reader. All 
Table 3.10 and Table 3.11 values below were initially calculated from the actual OD readings by 
adjusting for the average media blank reading, thus explaining the negative results of the first 
two readings. The negative is due to dilution of the haemolytic preparation by low or 
unsuccessful growth of isolates in Dulbecco salts. These readings make up the first column of 
each of the four sets in both Tables 3.10 and 3.11. The subsequent two columns were calculated 
from the haemolytic activities of the respective positive controls by dividing each value in the 
first column by the average haemolytic activity reading of the controls. These were then 
multiplied by 100 to get percentage haemolytic activity with reference to each of the two 
controls.   
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Table 3.11: Haemolytic activity of isolates from Pre-K 
 
Pre-K 
OD 
% 
Ref β 
% 
Ref α 
Pre-K 
OD 
% 
Ref β 
% 
Ref α 
Pre-K 
OD 
% 
Ref β 
% 
Ref α 
Pre-K 
OD 
% 
Ref β 
% 
Ref α 
-
0.003 -0.22 -0.30 0.047 3.47 4.75 0.064 4.72 6.47 0.969 71.47 97.98 
0.01 0.74 1.01 0.047 3.47 4.75 0.067 4.94 6.77 0.969 71.47 97.98 
0.013 0.96 1.31 0.047 3.47 4.75 0.068 5.02 6.88 0.97 71.55 98.08 
0.013 0.96 1.31 0.047 3.47 4.75 0.068 5.02 6.88 0.971 71.62 98.18 
0.013 0.96 1.31 0.047 3.47 4.75 0.07 5.16 7.08 0.974 71.84 98.48 
0.014 1.03 1.42 0.053 3.91 5.36 0.07 5.16 7.08 0.975 71.92 98.58 
0.015 1.11 1.52 0.053 3.91 5.36 0.07 5.16 7.08 0.975 71.92 98.58 
0.018 1.33 1.82 0.053 3.91 5.36 0.08 5.90 8.09 0.975 71.92 98.58 
0.02 1.48 2.02 0.053 3.91 5.36 0.083 6.12 8.39 0.976 71.99 98.69 
0.023 1.70 2.33 0.054 3.98 5.46 0.086 6.34 8.70 0.977 72.06 98.79 
0.025 1.84 2.53 0.054 3.98 5.46 0.087 6.42 8.80 0.98 72.28 99.09 
0.025 1.84 2.53 0.055 4.06 5.56 0.087 6.42 8.80 0.981 72.36 99.19 
0.025 1.84 2.53 0.055 4.06 5.56 0.096 7.08 9.71 0.981 72.36 99.19 
0.025 1.84 2.53 0.058 4.28 5.86 0.097 7.15 9.81 0.982 72.43 99.29 
0.026 1.92 2.63 0.058 4.28 5.86 0.098 7.23 9.91 0.983 72.51 99.39 
0.026 1.92 2.63 0.058 4.28 5.86 0.101 7.45 10.21 0.986 72.73 99.70 
0.026 1.92 2.63 0.058 4.28 5.86 0.108 7.97 10.92 0.988 72.87 99.90 
0.031 2.29 3.13 0.058 4.28 5.86 0.124 9.15 12.54 0.988 72.87 99.90 
0.035 2.58 3.54 0.058 4.28 5.86 0.13 9.59 13.14 0.989 72.95 
100.0
0 
0.037 2.73 3.74 0.059 4.35 5.97 0.13 9.59 13.14 0.989 72.95 
100.0
0 
0.037 2.73 3.74 0.06 4.43 6.07 0.137 10.11 13.85 0.992 73.17 
100.3
0 
0.037 2.73 3.74 0.06 4.43 6.07 0.496 36.58 50.15 0.994 73.32 
100.5
1 
0.043 3.17 4.35 0.06 4.43 6.07 0.965 71.18 97.57 0.996 73.46 
100.7
1 
0.046 3.39 4.65 0.062 4.57 6.27 0.968 71.40 97.88 0.998 73.61 
100.9
1 
0.046 3.39 4.65 0.064 4.72 6.47 0.968 71.40 97.88 1.012 74.65 
102.3
3 
 
 
Table 3.11 (n=100) is similar to Table 3.10, but represents isolates from Pre-K. The resultant 
percentage activities were arranged in ascending order so that the 50% cut-off mark could easily 
be seen. The values above and including 50% were considered positive for haemolysis and those 
below 50% were considered negative. The two haemolytic patterns represented by β- and α-
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haemolysis are complete and partial haemolysis due to Streptococcus pyogenes and 
Streptococcus pneumoniae, respectively.  
Table 3.12: Actual number of haemolytic vs. non-haemolytic isolates 
 
  
Number of haemolytic species  
Post-K (n=100) Pre-K (n=100) 
Ref β Ref α Ref β Ref α 
Non-haemolytic isolates 91 91 72 71 
Haemolytic isolates 9 9 28 29 
 
Ref β and Ref α indicate that the percentages given were calculated with reference to average 
activity on the haemolytic assay of β- and α-haemolytic streptococci, respectively. Activity 
below 50% in each category was taken as negative (Tables 3.10, 3.11). Nine (9) of 100 isolates 
from Post-K showed ≥ 50% activity with reference to both β- and α-streptococci (Table 3.12).  
Table 3.13: Average percentage haemolysis vs. non-haemolysis OD 
 
  
Mean % haemolysis  
Post-K (n=100) Pre-K (n=100) 
Ref β Ref α Ref β Ref α 
Non-haemolysis 
(Mean±STDEV) 2.81±2.54 12.48±8.55 4.53±4.40 5.59±3.06 
Haemolysis  
(Mean±STDEV) 62.55±2.91 100.00±4.79 72.37±0.80 97.51±9.02 
 
Table 3.13 shows the average percentage OD readings of isolates with reference to β and α-
haemolytic streptococci. These readings were grouped according to whether the activity was 
considered haemolytic or non-haemolytic as referred to Table 3.12.  The average haemolytic 
activity was 62.55±2.91 % and 100.00±4.79 %, respectively (Table 3.13). Pre-K, on the other 
hand, had 28 and 29 isolates above and including 50% activity for β- and α-streptococci, 
respectively. These isolates had average percentage activities of 72.37±0.80 and 97.51±9.02, 
respectively (Table 3.13). 
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Average non-haemolytic activities for Post-K were 2.81±2.54% and 12.48±8.55% with reference 
to β- and α-streptococci, respectively. Those from Pre-K were 4.53±4.40 and 5.59±3.06.  
The means of % haemolysis were 8.18 and 23.35 for Post- and Pre-K with reference to β-
haemolysis (p ≤ 0.05) and with reference to α-haemolysis, they were 13.49 and 32.25, Post- and 
Pre-K, respectively, with p ≤ 0.05 (Table 3.13). 
The haemolytic assay was then visited to investigate if there are any discernible patterns 
supporting our hypothesis. The haemolytic patterns of the river agreed with the other patterns in 
reinforcing the assertion that pollution already exists before the settlement. These patterns also 
suggest that the sources of pollution at these two sites are different. This is demonstrated by the 
relative means across the two test sites for both β- and α-haemolysis in Table 3.13 (p ≤ 0.05).  
There is a higher prevalence of “haemolytic E. coli” before the settlement (Table 3.12). 
However, after the settlement, the average haemolytic activity with reference to the α-
streptococci is 103.10±4.79% compared to 97.51±9.02% before the settlement (Table 3.13). This 
difference in average haemolytic activity means that the extent of haemolysis due to subspecies 
found after the settlement is more than before it. This brings another point of concern regarding 
toxicity after Khayamnandi. It indicates that these waters could be more toxic. It should, 
however, not be missed that even before the river passed the settlement it was already showing 
high toxicity in accordance with E. coli haemolysis as shown by the fact that Pre-K had more 
than double the number of haemolytic isolates (Table 3.12). The prevalence of Pre-K haemolytic 
activity indicates that it is necessary to broaden remedial measures beyond Khayamnandi in 
order to improve the river’s integrity.   
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The variation in haemolytic patterns across the two sites could serve as bacterial source tracking. 
These patterns seemed to point out a possibility of difference in the origin of the microbes. This 
difference can help one to rule out contamination beyond a certain area and therefore focus 
remedial measures to a limited area. 
3.5 Conclusion 
In order to interpret microbial test results, the standards for drinking water have to be taken into 
account. USEPA (2000) established two categories, namely, the Primary Standards and the 
Secondary Standards.  The bases for Primary Standards are health considerations. These 
standards aim to protect the public from three classes of pollutants: pathogens, radioactive 
elements and toxic chemicals. Bacterial pollution falls into the category of pathogens. As such, 
there is EPA Maximum Contamination Levels (MCL).  
Pathogens are discrete and not in solution. They often form flocs or adhere to suspended solids in 
water; as a result, the chance of acquiring an infective dose cannot be predicted from their 
average concentration in water (Boyer, 2008). The likelihood of a successful challenge by a 
pathogen, resulting in infection, depends upon the invasiveness and virulence of the pathogen, as 
well as upon the immunity of the individual (Clark et al, 2003). If infection is established, 
pathogens multiply in their host. Other pathogens can multiply in food or beverages, in this 
manner increasing their pathogenicity (CDC, 2011). Furthermore, unlike many environmental 
pollutants, the dose response of pathogens is not cumulative (WHO, 2003). Because of these 
properties, there is no acceptable upper limit for pathogens (WHO, 2002; USEPA, 2000). Thus, 
water intended for consumption or for personal hygiene should contain no human pathogens. 
Pathogen-free water is possible by selection of high-quality uncontaminated sources of water and 
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maintaining the integrity of such sources. This begins by being aware of the sources of pollution 
and the mechanisms thereof. 
Plankenbrug River downstream Khayamnandi has had an ongoing problem of high microbial 
pollution to the magnitude greater than 10
5
 microorganisms per 100 ml of water (Rossouw, 
2004).  The informal settlement has had high incidences of drinking untreated water, limited 
water treatment and full contact recreation with polluted water (Rossouw, 2004). Progress has 
been reported with regard to pollution due to Khayamnandi after the local municipality had spent 
several thousands of rands on waste control (Department of Housing, 2004a). The progress 
alluded to above, included construction of diversion channels for storm water to direct storm 
water into the sewerage system and prevent it from reaching the river (Department of Housing, 
2004a). Despite these attempts, faecal pollution still prevails in the river as demonstrated in the 
current study.  
The microbial data suggests that in one way or another, faecal matter still finds its way into the 
river system. The relationship between storm water and high microbial incidence affirms this. 
Sample 1 in the winter sampling series (Table 3.6) was at storm flow after the first heavy winter 
rains whereas samples 3 and 4 in the same series were at base flow. Storm water readings show 
that E. coli concentration peaked at storm flow and then seemed to return to relatively constant 
levels as the river water volume abates. Thus it may be supposed that wash-off from the 
settlement filtered into the river.  
It could be speculated that among factors influencing these trends are human behaviour and 
vegetation around the river together with water velocity and temperature (Craig et al, 2002). 
Water velocity may impact on resident microbial flora in a number of ways. Sudden increase in 
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water flow may cause deep flora to come to the surface, thus increasing microbial density in the 
flow (Craig et al, 2002). It can also dislodge microbial populations resident in the river 
vegetation to the same effect. Rapid flow on the other hand can cause a decrease in the flow 
population by reducing the time it spends at one point (Boyer, 2008). Water flow drops 
drastically at base flow. This enables microbes to multiply in one place and therefore increase the 
spring count. Rain drop on open faecal matter can serve as both a source and a vehicle for 
transportation into the water bodies farther away (Boyer, 2008).  
Vegetation can provide a substrate for the attachment of microbiota. This could be a conditioning 
layer that could develop into a biofilm. Organic matter can act as a buffer that neutralizes 
excessive charge, thus enhancing cells to aggregate. Microbial cells attach to surface and begin 
to form a glycocalyx. This in turn encourages accumulation of nutrients and as a result, growth 
of microbial flora. Incidentally such a microcosm makes disinfection difficult as the 
polysaccharide network protects the organisms. Temperature is another factor that can determine 
microbial population stability. A number of strains tend to decrease more rapidly around 18˚C 
than at lower temperature (Hara-Kudo et al, 2000).  These authors observed that this decay is 
dependent on the initial population. Over 48 days at 18˚C, they found that the population was 
only reduced by less than 1 order of magnitude when the initial population was at the level of 10
7
 
cfu/100 ml. In the same study, it was observed that populations of 10
5
 cfu/100 ml were reduced 
to 10
2
 cfu/100 ml under the same conditions (Hara-Kudo et al, 2000). Therefore, the higher 
winter population at Post-K could be the source of sustained higher population in spring. Road 
construction and tarring facilitates the water movement during heavy rains from the settlements 
into river ways. Thus pollutants tend to reach rivers more readily. Beside such remote activities, 
the abuse of river banks is one of the major concerns at Post-K. Figures 3.8, 3.9 and 3.10 show 
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clearly the extent of pollution due to direct human activity. Throughout water collection there 
were fresh faecal deposits under the bridge. The number of individual deposits seemed to 
correlate with occurrence of rain. In contrast, no human faecal matter could be detected at the 
reference site at any given time.  
 
Figure 3.8: Photo of Post-Khayamnandi site at base flow after a heavy rain 
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Figure 3.9: Conditions under the bridge at Pre-Khayamnandi at base flow after a heavy 
rain showing faecal deposits and vegetation in the river way. 
 
Figure 3.10: Photo of the Eerste River at Swaaibrug (Reference site) showing spring water 
flow. During heavy rain in winter the water covered the grass and stony island to the right.  
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Individual tests within assays as well as complete assays were used to elucidate important 
information from this study. The choice of individual tests within assays to emphasize was in 
most cases prompted by pronounced differences across the test sites. Some of the tests were 
grouped together as they may be informing each other or simply because they best form a 
comprehensive picture together.  
Ideal assessment of water integrity with regard to faecal contamination starts and ends with 
determining the presence or absence of faecal indicators (WHO, 2002).  This is functional in 
assessing whether the water is potable or not (DWAF, 2000; WHO, 2002). USEPA’s 
recommendations are 1 cfu/ml of water for drinking (USEPA, 2000). There are different limits 
for other water uses (DWAF, 2000). The point is that enumeration of the extent of contamination 
would be futile and/or expensive without having first ascertained whether the contaminant is 
present or not. In this study a sequence is followed. This study starts by ascertaining the presence 
of faecal contamination after having assessed the field parameters. The discussion of the 
presence of faecal contamination is then followed by quantitative assessment of the extent of the 
problem and discussion of characterization of a faecal indicator (E. coli). Characterization of E. 
coli will thereafter enable determination or suitability of use of the indicator organism as a 
biomarker and/or a bacterial source-tracking tool. At each step an effort is made to compare and 
contrast the two sampling sites, hence assessing the impact of the informal settlement on the 
nearby body of water. 
In conclusion, Khayamnandi impacts adversely on Plankenbrug River. However, focusing 
remedial measures only in the settlement may not alleviate faecal pollution in the river system. 
The problem already exists before the river passes Khayamnandi. Different toxicological profiles 
and microbial distribution indicate that those sources before Khayamnandi are different from 
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those within the settlement. In conclusion assessment of waters associated with informal 
settlements should include points upstream of the settlements to produce a more comprehensive 
picture. 
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Chapter 4: Recommendations and further studies 
The aim of this study was to assess the impact of Khayamnandi settlement on Plankenbrug River 
by comparing faecal contamination and potential toxicity upstream and downstream from the 
settlement. Microbial culture on chromogenic media, analytical profiling index (API) and 
haemolysis assays demonstrated that the Plankenbrug River already has a high faecal load 
upstream from Khayamnandi. Khayamnandi added onto this heavy faecal load. These assays also 
demonstrated prevalence of different biotypes across the two test sites. The distribution of E. coli 
biotypes downstream from Khayamnandi was narrower than upstream. To improve the water 
quality of the Plankenbrug River holistically, measures should be taken to trace and remediate 
sources of contamination from Khayamnandi and also upstream from Khayamnandi along the 
river. 
4.1 Integrating microbial data generated into National Microbial Monitoring Programme 
(NMMP framework) of South Africa 
Microbial studies on surface water, in line with NMMP of South Africa, should be done before 
and after the suspected source of faecal contamination. The NMMP extrapolates the inherent 
potential risk in the assessed water by drawing from the extent of microbial contamination and 
linking it to intended water use. The NMMP links E. coli concentrations to the adverse health 
risk index (HRI) associated with different water uses. Differences in HRI upstream and 
downstream to the settlement could help direct prioritization of remediation resources for the 
relevant water use.  
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4.2 Informal settlement development 
Changing high population density of the informal settlement into low density housing is desired 
for settlements on river banks. But this entails removal of some of the households, which is not 
easy. The alternative is converting informal settlements on environmentally sensitive areas onto 
high density housing with appropriate road and waste removal infrastructure in order to reduce 
impact on the environment. 
4.3 Education to communities 
First and foremost, water quality is not entirely the responsibility of the authorities. It is also 
important to involve the resource users. In order to maintain the integrity of potable water, end-
users should be educated with respect to the fragility of water. This awareness is even more 
important to local communities around surface waters. Ignorance of this could exacerbate water 
pollution or could increase the health risks due to community exposure.  Thus, the water end-
users should be incorporated into maintaining high water quality and made aware of their 
importance. This could be achieved by incorporating water integrity into the school curriculum. 
Involving communities in preventing water pollution may be a powerful tool in water resource 
management particularly in developing areas with insufficient infrastructure (Steynberg, et al, 
1995). 
4.4 Recommendation to small municipalities 
Although 3 – 5% of E. coli are ß-glucuronidase (GUD) negative and some Salmonella, Shigella 
and Yersinia spp. are GUD positive, GUD tests are used to monitor water and food. 
Chromocult® coliform agar is one of the GUD tests. Total coliform and E. coli recoveries on this 
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media are significantly higher than some other standard methods. Enzymatic activity is a 
powerful tool in applied research fields. It enables rapid detection and identification of 
microorganisms. This advantage could prove useful to local municipalities in monitoring faecal 
contamination.  
4.5 Further research 
River systems such as the Plankenbrug River that show persistently high faecal pollution should 
be explored thoroughly using geographical data models such as ArcGIS (Diefenbach, 2004). 
ArcGIS could help in mapping out drainage systems, hydro-network systems to microbial 
pollution.  Monitoring hydro edges and junctions could help redefine apparent diffused pollution 
sources to multiple point sources. Comparative studies should thereafter be undertaken followed 
by prioritization process within that river system. Data acquired through this process could 
further aid in speedily arresting pollution especially when coupled with full characterization of 
indicator microbes per site. However, high faecal indicator bacteria may also be due to microbial 
regrowth. In our study, physicochemical parameters, turbidity and presence of nutrients appear to 
be liked with microbial regrowth especially in the absence of apparent run-offs. Therefore 
regrowth has to be taken into consideration when analyzing such water.  
Furthermore, full characterization of E. coli isolates could be beneficial as it could give a 
distribution profile that can help predict and trace possible E. coli related disease outbreaks. The 
need for characterization is important because of the potential adverse effects due to 
environmental microbial exposure is not incremental like other pollutants. Development of 
disease in humans depends on the susceptibility of the host, for example, age or immune status as 
well as to the virulence of the pathogen. Thus, thorough knowledge of regular prevailing 
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pathotypes in local surface water could prove useful in tracing the sources of epidemics (Do et 
al, 2006). 
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